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SUMMARY

An analytical and experimental investigation was conducted to acquire
systematic model rotor performance and wake geometry data and to evaluate
the accuracy of various analytical methods in predicting the effects on
performance of changes in helicopter rotor design and operating parameters.
Both classical hover performance analyses and analytical methods recently
developed at the United Aircraft Research Laboratories were evaluated.
Of primary concern in the study was the assessment of assumptions in the
analyses regarding the geometry of the rotor wake. It was found that
analyses based on a contracted wake geometry generally provided signifi-

cantly improved predictions of performance for those rotor operating
conditions where the more classical uncontracted wake analyses exhibited
major shortcomings. Attempts to develop a theoretical method for
predicting contracted wake geometries were only partially successful
although the method yielded good qualitative results. Of particular
interest was the prediction by the analysis of an instability of the tip
vortex helix at moderate distances from the rotor which appeared to be
substantiated by available experimental results. In lieu of an accurate
theoretical wake method, it was recommended that the experimental wake
data measured in this study ;rcvide the contracted wake geometries needed
in performance calculations. Analysis of the wake data for that portion of
the wake which was stable (i.e., near the rotor) indicated that the data
could be expressed in relatively simple generalized equations which
facilitate the rapid estimation of contracted wake geometries for a wide
range of rotor designs and operating conditions. Finally, it was
demonstrated that rotor performance is sensitive to small changes in the
position of the tip vortex relative to the following blade, and it was
recommended that additional full scale correlation studies be made to
provide further information on the adequacy of the generalized wake
geometry charts provided herein.
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FOREWORD

This investigation was sponsored by the U. S. Army Aviation Materiel
Laboratories (now the Eustis Directorate, U. S. Army Air Mobility
Research and Development Laboratory) under Contract £A.AJ02-69-C-OO56,
Task 1F162203A13903. Efforts under this contract were initiated in
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reported herein was conducted during the period July to October 1969.
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Geometry Program and (2) preparation of the final report. Also acknowl-
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G. Thomas White.
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LIST OF SYMBOLS

AB denote end points of straight vortex element in wake
(Figure 77 end Appendix I only); otherwvie, A repesents
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CT rator thrust coefficient rotor thrust div40ed VW

C erotor ter"e coefficient: rotor torqe divide ty

I axial *pacing of fw wake (s"e ntwa 76)

4bmwter of Wt wke, eqqal "~ twico the radial coordinate
or tte !jla pit inu to nar Vbk* (490 Vng~ae 76)



D radial location at which blade circulation is a maximum

I,J,K functions of wake geometry defined in Appendix I

IG abbreviation denoting In-Ground-Effect

k1  average axial velocity of a tip vortex element from the
time at which it yes shed by a given blade until it passes
the following blade, nondimensionalited by flIt

k2  average axial velocity of a tip vortex element generated
by a given blade after it passes the following blade.
nondiransionalized by AR

Kl d , parameters defining the axial position of an Imginary
t= a extension of the inboard sheet to i - 1.0; see Equations

(4) am (5)

Kl and 2, perameters defining the axial position of an inaginary
P 0 extension of the inboard sheet to 0 * 0; see Equations

(4 ) a (5)

K function of wake gmetry defined in Appendtx I

N 1ocal blad section Mach number

04 ach nuber of blade tip

4P numbr of fa' wake revolutions (see Figure 76)
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P denot*s repesentative point in wake at wich vkend!uce
velocities a&r to be computed (see Figure 77)

distance ;ro rotor axis of rotation to blade section or
wake vortax elemnt, ms'uaed parallel to plane of
rotain and ntWtmns•ow.litua by R

B rotor radius, ft

T rotor thrust, lb
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v velocity of vortex element, fps

vz induced velocity at blade in axial direction, fps

VzMOM momentum value of induced velocity, equals IR./C70, fps

WS abbreviation denoting whirlstand

x,y,z fixed axis system coordinates, ft

x,y, z fixed axis system coordinates nondimensionalized by
R (see Figure 77)

iT axial coordinate of wake element measured from dhe tip of
the blade, positive in the direction of rotor thrust and
nondimensionalized by R

ZG distance between the center of the rotor hub and the
simulated ground, ft

section angle of attack, deg

r local blade circulation (equal to flRicc,/2 ), or strength
of vortex element in wake, ft 2 /sec

rmax maximum value of r on blade, also equal to strength of
tip vortex, ft 2 /sec

A(CT/U) increment in rotor thrust coefficient/solidity resulting
from k1 and k2

Akl, Ak2  increments in kI and k2 wake parameters

At time increment used in numerical integration of wake
velocities, sec

Axp, Ayp, Azp increments in x, y, and z coordinates of wake element end
point resulting from an integration of the velocities
acting on that point over a time At, ft (see Appendix I)

AiT increment in z
T

xx



44F nondimensional time increment, flAt, used in numerical
integration of wake velocities, equal to rotation of rotor
blade during time At, rad

A tw increment in wake azimuth angle, deg or rad

01 rate of change of local blade pitch angle due to built-in
linear twist with respect to blade spanwise direction,
positive when tip section is twisted leading-edge up
relative to root section, deg or rad

075 blade collective pitch as measured at three-quarter span
station, deg or rad

x wake parameter representing rate of contraction of the
wake (see Equation (3))

p air der.jity, ib-sec2/ft%

0" rotor solidity, ratio of total blade area to disc area,
bc/wR

OW local pitch angle of helix, rad

41 blade azimuth angle measured from x axis (see Figure 77),
deg or rad

wake element azimuth angle measured from blade (see
Figure 77), deg or rad

4'w,F wake element azimuth angle as measured in the fixed
coordinate system (see Figure 77), deg or rad

W • torsional frequency of blade, rad/sec

rotor rotational frequency, rad/sec

SUBSCRIPTS

deg denotes units in degrees

IGE denotes quantity evaluated in-ground-effect

OGE denotes quantity evaluated out-of-ground-effect
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P denotes point at which velocity is computed

rad denotes units in radians

x,y,z denotes direction of velocity
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INTRODUCTION

The need for attaining peak lift system performance is greater with
rotary-wing VTOL aircraft than with conventional aircraft. This results
directly from the generally lower payload to gross weight ratio of such
aircraft which, in turn, increases the payload penalty associated with
any unexpected deficiencies in performance that might arise as a result of
shortcomings in the design analyses employed. For example. since the pay-
load is typically 25% of the gross weight, a performance deficiency of 1%
in lift capability can result in a 4% reduction in payload.

As described in Reference I- mmonly used theoretical methods
becime inaccurate as number of blades, blade solidity, blade loading, and
tip Mach number are increased. The discrepancies noted appear to stem
from simplifying assumptions made in the analyses regarding the geometric
characteristics of the rotor wake. In Reference 1, a method for
considering the effects of wake contraction on hover performance was
introduced. This computerized method, developed at the United Aircraft

Research Laboratories (UARL) and termed the UARL Prescribed Wake Hover
Performance Method, requires a prior knowledge of the wake geometry.
However, at the time Reference 1 was written (1967), available wake
geometry data were extremely limited. Due to the expense involved,
systematic wake geometry data on full-scale rotors were almost nonexistent.
Available model results, on the other hand, were limited to rotors having
three blades or less and operating at low tip Mach numbers. Thus, two
methods of approach were initiated under this investigation to obtain the
required wake geometry information. In the first an experimental
investigation, using model rotors, was conducted in which a systematic,
self-consistent set of data on rotor performance and Pssociated wake
geometry characteristics was obtained for a wide range of blade designs
and operating conditions. In the second, an available analytical method
for predicting rotor wake geometry in forward flight, describel in
Reference 2, was extended to the hover condition. Briefly, the method
developed involves the establishment of an initial wake model comprised
of finite vortex elements and the repeated application of the Biot-Savart
law to compute the velocity induced by each vortex element at the end
points of all other vortex elements in the wake. These velocities are
then integrated over a small increment of time to determine the new
positions of the wake elements, and the entire process is repeated until
a converged wake geometry is obtained.
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The incorporation of the experimental and analytical wake geometry
in the Prescribed Wake Method results in two analyses (the Prescribed
Experimental Wake Analysis and the Prescribed Theoretical Wake Analysis)
for computing hover performance. The availability of model rotor data
permits the evaluation of these analyses by (1) providing experimental
wake data both for input to the Prescribed Experimental Wake Analysis and
for comparison with predicted wake geometry results of the Prescribed
Theoretical Wake Method, and (2) providing consistent experimental perfor-
mance data for comparison with predicted performance results. Thus, the
principal objectives of this investigation were to:

(a) Provide experimental information on the performance and wake
geometry characteristics of hovering model rotors as
influenced by number of blades, blade twist, blade aspect
ratio, rotor tip speed, and blade collective pitch setting

(b) Modify an existing forward-flight distorted wake program to
permit the prediction of the wake geometry characteristics
in hover

(c) Evaluate the accuracy of various hover performance theories
having differing rotor wake geometry assumptions

Included in this report are: (1) a description of the model rotor
"axerimental propam, (2) a discussion of the experimental rotor
performance and wake geomtry re.vults, (3) comparisons of th experi-
mental wake geometry results with other experimental sources,
(4) descriptions of the theoretical methods for predicting wake gemtry
and hover performance, (5) a discusetion of the results of the evaluation
of the wake geotry analysis, and (06) a discussion of the results of the
evaluation of the theoretical methods for predicting hover perforime.



MO£EL ROTOR HOVER 7ST

7EST EQUIFMNT

Model Test Facility

The test program was conducted on a model rotor hover test facility
located at the United Aircraft Research Laboratories (tVARL). The test
facility, shown in Figure 1, consists of a large enclosed area approxi-
mately .5 by 55 feet with a ceiling height of 40 feet. The facility is
equipped with a rotor test rig, flow visualization equipumnt, and a
movable ground plane which was conaidered to be in an out-of-ground-effect
position when lowered to 3.5 rotor radii below the rotor. A whirl-stand
model is also available for the simulation of conditions on the Sikors]'
Aircraft full-scale whirl stand. This facility is the sam one used for
the model tests reported in Reference 1.

A photograph of the model rotor test rig is shown in Figure 2. A
10-horsepower, variable-speed electric motor was used as a poeer source.
The rotor was driven through a 3:1 speed reduction system to allow opera-
tion at a tip speed of 700 ft/see at maxima available power. Average
rotor thrust and torque measurements wre made by means of strain-gaged
load cells mounted above the rotor on a support from. The motor-baln*e
assbly is sham sacemtioally in Figure 3. Additiona instrmetation,
used to mnitor operation, imnluded a solid-state counter for measuring
rpm, vibration motors,, ad a *&de power control console.

Flow visalisation equipment included the following.:

1. Ammonu mphito "smke.

2. Variabl-•poitice s* rakeov.

3. Two higb-intensity, short-duration light saou s; (micaoflaah
Units) for stop-oction still pbotographs.

•, -Rg.intnsity lights for high tramo-spee movies.

5. An electroaic time-4olq control for caomaes and atiroflash
anite to permit systemti photoooaduing of the cyclic time
bistory of the rotor woks.

6. Polaroid, 70mm, o Fastax movie cmras.

3



Model Rotors

The model rotor system consisted of a multibladed rotor hub and
specially designed model blades. The rotor hub, shown in Figure 4, was
deriened to accommodate any number of bladcs up to and including eight.
Flapping hinges were provided (but no lag hinges), and blade collective
pitch wag varied manually.

Four sets of model rotor blades were used to conduct the test
program. The model blade design consisTed of an aluminum spar and a
balsa trailing-edge section, a3 shown in Figure 5. The blades were
santapered and designed such that the elastic axis, section center of
gravity, and center of press~ure were coincident at the quarter-chord
position (within 15 of the chord). The mas and stiffness properties of
the model blades greatly exceeded those of model blades dynamically scaled
to typical full-scale blades. For exampe, the Lock number of the blades
with an aspect ratio of 18.2 operating at a tip speed of "00 fps was
approximately 3.0 compared to a typical full-scale Lock number of 10.
Hence, model blade coning angles were lower than full-scale coning angles.
However, the use of such rotor blades permitted concentration on the
aerodynamic, rather than aeroelastic, aspects of rotor hover performance.
The blade paramaters are summarized in Table I.

TAW!E 1. * "'~ RO"1, BLALM PARANT'!RS

Blade Paraemter Design (1) Design (2) Design (3) Doti& (4.)

Linear TWLA, 91 (deg) 0 .8 -16 -

Aspett Ratio, AR 18.2 18.2 18.2 13.6

K44iUS, R (in.) 26.75 26-75 26.75 26.75

Airfoil ,ection (MACA) 0012 0012 0012 0012

Ro C'ot ,8 48 14.8 1.8

Vlappine min"e offset 38~) 06.8 6.8 6.8 -6.8

•eper None None NO" None
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The second set of blades listed in Table I (01 = -8 deg, AR = 18.2) was
constructed and performance-tested by United Aircraft prior to this
investigation. At the time of this investigation, four of these blades
were available in their original form and eight were available in a
modified form. The modification consisted of the adaption of a plastic
tip section to the outer 12% of the blade. This tip section was nominally
identical in shape to the removed aluminum-balsa section. The plastic tip
blades %ere used in this investigation to obtain ground-effect and flow
visualization resultn for the six- and eight-blade configurations of this
particular blade design. Other performance results for this desigr are
included from the United Aircraft investigation mentioned above. Te
blades corresponding to the three other blade designs were fabricated
specifically for this investigation.

Each rotor blade design was tested with the following numbers of
blades and rotor solidity ratios:

number of Blades. b
2 4 6 8

Rotor Sol41ty Ratio, o.(Designs (l)-(3)) 0.035 0.070 0.105 o.14O
Rotor Solidity Ratic, a,(Design (4)) 0.0467 0.0933 0.1O 0.1867

7?ST iFROMM=

Calibration

Prior to testing, the thrust end torque Instrlmntation vas
calibrated. The thrust load call was calibrated an the teat rig by
banging ve•imts trQ* the rotor shaft. ft rig was calibrated in torque
bV suspending weights throub a kbwm mnsant am-. The thrust and torque
colibratioa derivatives were determined directly in strain ag =its
per Pokund (SOUB/b) WAd strain vo units Per foot-pound (SGUS/ft-lb),
respectively.

A dowel pin, mounted perpwnicular to an amr extending from the root
of the blade along the blade hwd (se Fi4gre i), was used to manoally
set collective pitch eanle relativw to flat on the bldee retention
fitting (attached to the hub). Vor each blades the distnce from the pin
to the flat, masured by mans of depth siercmter,, vat calibrted with
respect to the collective pitch angle at the three-quarter redus. el•e
tracking was chocked by observation of the blade tip# tau ab a transit,



with lighting supplied by a Strobotac triggered at a specified number of
flashes per rotor revolution.* In this manner,, several blades were
observed at onceq, and their tip positions were compared.

To calibrate the flow visualization photographs and to minimze
errors due to camera angle and leow distortion, a planar grid indicating
2% increments of the rotor radius (0.1.75 In.) was placed in th~e plane of
the smoke (reforence plant) and Ihotographed prior to the test.* Photo-
graphs of this grid system (Figure 6) wer, used in the constructi-cn of a
grid template overlay for the reduction of the flow visualization photo-
graphs to radial and axial wake coordinates. The blade azimuth position
ins calibrated for each rpm by calculating the delay time bbtwen the
passage of a reference blade, through the reference plane and the passage
of a siMgl gear tofth mounted on the rotor sLaft.

Test Nhromters

Systemaitic data were obtained to measure the effect of the following
parameters on rotor hover performence aid associated make geometry
characteristics.

Primr Test Paorameter Nominal Test Values

1. Number of at *ad$b 2b 4 6, 8
2. U4a10 linear twist$ @I 0j, -8, -16 dag
3. Dledie espet ratio$ AR 13.6 and 18.2
4. Rotor tip speAd, £1P 525, 6W0, 700 th"
5. Collecti-ve piteb,* 7 O 0to"X*

afttorsined by operating stall limits

Variatl Ions thre of the above primary test pormintors were equivalent
to indiepeideat variations io three related parameters. That Is, varle-
tions io numbr of blades bore equivalent to variations in rotor solidity,,
as specified previousaly. Variations to rotor tip speed of 5251, 6W0, and
700 tpe ware equivalent to variationis to tip WmA numer of 0.I'6, 0.P52,
end 0.61,, respectively. Finally, variations ito collective pitch vare
used to produce variotions io rotor thrust level. Nominal collective
pitch settings of 0, 6, 8,t 10, wA 12 dag were used wheneve possible.
Additiftal values were tested to provide moe extensive dota ftr some test
tonfigurstifts, particularly in the stall region where the sext"uM
collective pitch Was Ualted at the Uttaer tip speeds by an appaenat stall
flutter..
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Data regarding the effect of the parameters listed above were
obtained with rotors operating substantially out of grcund effect
(height above the ground plane equal to 3.5 rotor radii). In addition to
the out-of-ground-effect (003) conditions, a number of data points were
taken in ground effcct (ICE) and with a model whirl stand simulating the
Sikorsky Aircraft fýU-scale rotor whirl stand shown in Figure 7.

Test Configurations

The test paramter coabinations (test configurations) that were
investigated are given in Table II.

TAN.Z II. T'ST PARAMCM CC(SINATICS

Linear Rotor No. of No. of
Twist Aspect Rotor Height/ No. of Tip Collective
(deg) Ratio Condition Radius Blades Speeds Pitch Values

0 18.2 O0 3.5 2,1,6,8 3 5*

-8 18.2 on0 3.5 2,.,6,8 3 5-

46 18.2 OR 3.5 2,1.6,8 3 5*

48 !3.6 3.5 2,1.6,8$ 5*

-8 18.2 lot 1.67 2,146,8 3 1

-8 18.2 1zM 0.67, 6,8 3 2
1,.0,1.33,

1.67,2.0

18.4 Witrl 1.67 2,4,6,8 3 1

M•iimu niher,

"*Perfwmac. resalts obt.nA tr, FW*viots invUstitiOn.
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Data Acguisiticn

The procedure for data acquisition fuidientall• consisted of setting
the test configuration (collective pitch, ground plane position, and
number of blades) and then recording performance and wake gemoetry data
at the requlred tip speeds. The ambit temperature and pressure in the
enclosed area were monitored and recorded during the test. The rotor
thrust and torque data were obtained by manuall•) recording the outputs of
the thrust and torque load cells on self-balancing potentioeaters in
strain gage units (sVUs). Oscillations of the potentiomter readings as
high as *10 SQUS (S0.03 lb) for thrust and *0 SOM (±0.2 ft-b) were
observed for same test ceoditions. To obtain representative steady-state
values, average readings were recorded. Rah test condition was repeated
twice within a test run (a test run consisted of data recorded between the
starting and stopping of the rotor rotation), and the results were
averaged. In addition, met test conditions were repeated in two
consecutive runs. MWny of the test coditions wer also repeated on
different dates to check the repeatability of the data.

For most rotor configuratias,, the maim collective pitch at which
operation was possible was liated tr the occurrence of a rapid increase
in rotor noise as tip speed was increased beymad a ertai level. A
strain gap, to miasur* tarstnrl reopnse was pl-aced at the raot of the
blade and substantial increases I bta4*. torsional response were noted
under these conditios, and it wa twrred that a stal natter bowirry
ys being pemtrtet4. Collective pitch (thrust level) at a gives tip
speed Vas then laitod by whet will b described as a stall flutt%
boundary In the discussion of results,

To obtain tlcw ovisulisation deta, smaa was injectod into the nowo
by movable ska rakes located above and to both sides of the rotor
("4v" 2). Amcnium sulobtt siack was peersted by uizng ammiini fa
and sulpbr di•ide ps from sparate ports on o eah moik ne tle monted
on the sas raks. th sok* rakes wen position•d by rmte control to
insure a CIOWary defined tip vort4,. M• wake pattem *eI re*Cqr4d •n

Mti) wh remotely opWrated tcaras Illumination vs provide for still
photagrphep by two alcrntl!;b wnits Ctiw dra~tin 0.5 viiernaeft for
;tap action) and for high trowSPee4 owl* Or sixteen 350 vtt fnood-

lqhbts. A tim-4edaly apt" vua sed to trinar the oam .a l icro-
tsh units when the roto~ was at a 4etired simuth positign. The delay
syvtee a sed a ai/rav s#Ignl (a the rotor zhaft as a rerreme, and the

e fla tiam (smally adjsst*4) was maswted on an etctr•oc coiter.
For each %Ott conttion, ?OW photafoa were taken at priselectud
antiath poiions r a reirnce blade vith respect to the ploae of the



amone . For exemple,, for a twoý-bladed rotor, PbotograPhs we"e generally

ttaken at azimuthangles of 0, 15 , 30 , 60t,90t 120,, aid 150Odeg. For a
six-bladed rotor,, aglIth" angles were generally 0., 15% 30s, and 45 deg.
Ncmsl].y,, two or three yhotograhs wee taken at each azimuth position.

a4Two caeeras were uned to obtain phoctograpbs of both the complete rotor-
wake system and close-uap views of the right half of the rotor-wake system.
To supplement these stif Ipbotcp'ph , biag frame-speed movies
(20WO frames/eec) we"e taken at selected conditimas.

DATA 3DjTZX

OVfoRM*c Data

ftrust and torque measurements (in a=w) we"e convo.~ed to thrust (ib)
sad torque (ft-lb), thrust coefficient (CT) and torque coefficient (Cq),,
and thrust coefficient-solidity ratio (CT/a) and torque coefficient-
solidity ratio (c&J) values for anl test conditions. TMe air density (P)
used in nonimnsionalizing the data was calculated for each test condi-
tion,, based an the recorded teapratiare and prssure readings.

now Visualization Data

To introdu&ce the pic uxa used in reducifg the nowm visualization
data,, a hriot discussion of the fundametal characteristics of the hover-
ins rotir wabe end the iatarpvettio af these Charexateisties from $Oak
pbotoatmos is wesAamt4. A sebsestIc of the wake from am blade,

reproducd xeatly tvas(hey's interpretation, in haferenca 3, is shame in
flwe S. ?Uh wak*eaotatns two- primary tomponanta. So first,, Old **st
pram~ou, is the at-raw tip vortex whch arises rim. thim rapid rolling
up) at the portica at the vartex sheet shed tr~m the tip region of the
W4de. IMe scmd feetawm Is the vortex *beet dhed rrgo the inboard
sectiae aC t04 blade. Thi sheet, does not rol.l uap but esaually ve~n
in the fore at distributed 'rorality. Its Vertical or axial transpart
velocity smar %be outer 4M of the inboard vartex sheeat Is mueb grater
Uhe that or the tip Vorte. the ve-rtits Velocity of the InbOard sheet
elt" imracf'.i vith r*41,al position. resuwlting -S. a s'*'steatlaly 1imesi
crone s.~t~a of the laboarl sbnt at amy specific eauimth positi~on as
sOan lai~mes 9 sad 10.0 Itmee cbare,-Aeiistits restalt directly from
%be velocities Wooeed by the strong tip vorte Altbamu h aial

Prvlably r*%tain a~~ oeaectl i thth U vartex. tM exact Ar
of this : aow tion, bonewer, bo be" e diffIcalt, to dietinguisb ilk flam'
vismelizatieu sAudie.. In sWities to the wake strvctwe sba to
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Figure 8 for one blade, similar wake structures for other blades also
exist, with the aggregate forming the complete wake representation.

The schematic in Figure 8 is representative of the three-dimensional
wake pattern which would be observed if smoke were emitted from the blade
(i.e., in the rotating system). To take advantage of the symmetrical
nature of the wake of a hovering rotor as well as to facilitate the
acquisition of quantitative data, the wake for this investigation was
observed by emitting smoke externally from the blades (i.e., in the
nonrotating system). Smoke was emitted from smoke rakes in a single plane
and the flow patterns were photographed, as shown for the two-bladed rotor
in Figure 9. In this manner, a two-dimensional cross section of the wake
was recorded. The cross sections of the tip vortices appear as circles
in which the central regions are clear of smoke due to the local centrif-
ugal field which forces the smoke particles radially outward. The center
of the circular cross sections are interpreted as the centers of the
vortex core. The vortex sheet cross sections are indicated by the
discontinuities present in the smoke filaments passing through the inner
region of the rotor wake.

The photographic wake data were analyzed for selected test conditions
to determine the principal wake geometry characteristics. The conditions
were selected so as to permit assessment of the effects of the primary
test parameters. Radial and axial wake coordinates were determined from
the photographs as functions of the wake azimuth angle 0/w), which is
equivalent to the blade azimuth travel ( 0 = 1t) from the time it
generates the vortex cross section. For example, on the right side of
Figure 9, the uppermost tip vortex and vortex sheet cross section were
shed by blade 2, which has travelled 180 deg from the time it passed
through the plane of smoke on the right side (reference side). The
following tip vortex and vortex sheet cross section were shed by blade 1
the previous time it passed through the reference side of the smoke plane,
and thus the wake azimuth angle for these cross sections is 360 deg.
Likewise, the azimuth angle of the third cross section, shed by blade 2,
is 540 deg. It should be noted that the cross sections in the visible
wake near the rotor remain approximately in the same plane (rotor wake
tangential velocities are small). The azimuth angle, Ow., was used as the
third coordinate in the wake geometry analysis. In Figure 10, a schematic
of the wake of Figure 9 and the wake coordinate system is presented. For
a stable, hovering rotor wake, the radial and axial coordinates at a
given azimuth angle are equivalent for each blade due to symmetry. Thus
the complete coordinate system of the wake for a given test condition was
determined by the following procedure.
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A transparent grid template was constructed from the photograph of
the reference grid shown in Figure 6. With the grid template as an over-

lay, the radial and axial coordinates of the wake from several blades in
a single photograph were determined along with the corresponding wake
azimuth coordinates. This was repeated for a sequence of photographs
taken with the rotor at a series of prescribed rotational positions. A

sample sequence is presented in Figure 11, in which the rotor rotational
positions are designated by the azimuth position, 1, of the blade which
most recently passed through the reference plane containing the smoke.

Considering the known azimuth positions of the reference blade and
relating each vortex cross section to the appropriate blade, the radial

and axial coordinates were obtained from the photographs in Figure 11 for

the following wake azimuth angles:

Reference Blade Wake Azimuth,

Azimuth, *, deg Ikw , deg

0 0,180,360,540
15 15,195,375,555
30 30,210,390,570
60 60,24O,1420,600

90 90,270,450,630
120 120,300,1880,660
150 150,330,510

The coordinate results from the series of photographs were then plotted
as functions of Ow as shcwn in Figures 12 and 13. To facilitate the
comparison of wake geometries from varying rotors and test conditions, the
radial and axial coordinates were nondimensionalized by the rotor radius,
and differences in axial coordinates due to blade coning were eliminated
by using the blade tip as the reference (2T instead of Z). The range of
wake azimuth angles for which data could be acquired was limited by the

visibility of the smoke. For example, for two- and four-bladed rotors,
generally only 1 to 2 tip vortex revolutions per blade, were visible.

For six- and eight-bladed rotors, less than one revolution from each blade
was visible. However, it will be shown that rotor performance is mainly
sensitive to this near wake geometry and insensitive to reasonable extra-
polations of this geometry made to define the far wake. Thus, knowledge
of the exact positioning of the far wake elements is not essential to the
objectives of the rotor performance portion of this study.
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Since the cross sections of the vortex sheet from each blade are
essentially lines rather than discrete points, ao is the case for the tip
vortex cross sections, the following procedure for transforming the
photographic data for the vortex sheets to coordinate form was found to
be convenient. Assuming the vortex sheet cross sections to be linear,
the axial position of a vortex sheet at a given azimuth can be defined by
two points. For simplicity, the two points selected were the imaginary
extensions of the cross section to F = 0 at one end and to Y = 1.0 at the
other end, as shown in Figures 10 and 13. These two points establish the
intercept at the axis of rotation and the slope of the vortex sheet.
Using this procedure, it is unnecessary to reduce, for each smoke filament,
the coordinates of their intercepts with the vortex sheet cross sections
if the following assumption is made. It was assumed that the radial
position of such intercepts (e.g., point A of Figure 10) is linearly
proportional to the radial coordinate of the intersection of the vortex
sheet with the vortex sheet boundary (point B). With the exception of
the immediate vicinity of the blade (Ow< 2 T/b), the vortex sheet boundary
was assumed to be equivalent to the boundary formed by the locus centers
of the tip vortex cross sections (equivalently, tip vortex streamline).
For Ow less than the blade spacing, 21T/b, the boundary was faired from
the point of maximum circulation on the blade (point D of Figure 10) to
the tip vortex boundary. The constant of proportionality was assumed to
be the ratio of the radial position of the origination of the smoke
filament streamline at the blade (point C) to the radial position of the
vortex sheet boundary at the blade (point 1). That is,

•A = (6-0)rB(1)I

It was found that this was a reasonable approximation for use in the

theoretical wake model for rotor performance calculations to be presented
in a later section.

TEST DATA ACCURACY

Static data repeatability for thrust and torque was determined from
repeated calibrations of the strain gages made while determining the
calibration derivatives discussed in the Test Procedures section. The
repeatability values, represented by two standard derivations, are
listed below:

12



Thrust, lb Torque, ft-lb

Static Repeatability: +0.0087 ±0.1130

The dynamic data repeatability was established by considering the range
of CT/cr and CQ/a measurements observed from consecutive test points at
a given tip speed for each test configuration. Normally, four test
points were available from two consecutive runs between which the rotor was
stopped and restarted. The mean range was established and related to the
standard deviation using the procedures outlined by Hoel (Reference 4,
p. 241). The results obtained are given below.

b=2, b=8
Average flR=525 fps flR=700 fps

Dynamic Data Repeatability, CT/a +0.00024 ±0.00044 O.00015
CQ/cr *0.000022 *0.000045 ±0.000012

By choosing consecutive test points in the above analysis, variations due
to differences in collective pitch setting were eliminated. These
differences were significant, as will be shown in the presentation of the
performance data. However, they did not significantly influence the rotor
thrust - torque relationship.

The estimated accuracies with which the parameters determining a

given test condition could be set are as follows:

Parameter Accuracy

Collective Pitch, 075 ±0.2 deg
Tip Speed, fIR 1i fps
Rotor Height, ZG/R 10.03 R

The estimated accuracy and repeatability of the tip vortex

coordinates are listed below.

Wake Coordinate Accuracy Repeatability

Azimuth, :t ±3 deg --

Radial, t +0.005 ± 0O.01
Axial, ET ±0.005 -+O.01
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The accuracy of the radial and axial coordinate represents the degree
of accuracy to which coordinates of a wake point could be measured from
the grid system used. The repeatability represents the normal repeat-
ability of a wake point in a series of photographs taken during a single
test condition (e.g., see Figure 12). This repeatability pertains only
to the tip vortex in the near wake region of the rotor (to be discussed
later'. Figure 14 shows the repeatability of the tip vortex coordinates
for a test condition as repeated on three different dates.

DISCUSSION OF EXPERIMENTAL ROTOR PERFORMANCE RESULTS

The rotor performance test data were transformed to graphical form
for the various combinations of number of blades (solidity), blade twist,
aspect ratio, tip speed, and simulated ground height. The resulting
graphs were analyzed to assess the separate influence of each of these
parameters on model rotor hover performance. The performance character-
istics of the model rotors are presented in nondimensional form in
Figures 15 through 18 for each combination of blade twist and aspect
ratio tested. This series of graphs, which contains data for out-of-
ground-effect operation (ZG/R = 3.5), also includes results for various
tip speeds.

Thrust (Collective Pitch) Limits

As noted previously, maximum thrust (collective pitch) was limited, f
for each rotor configuration, by the rapid increase in noise level when
a specific tip speed was exceeded. Oscillograph records, displaying a
signal produced by torsional strain gages mounted at the root end of a
blade, were analyzed to determine the frequency of the blade torsional
response. The frequency (w = approximately 12 cycles per rotor revolu-
tion) was found to agree with both the measured acoustic frequency and an
estimate of the first natural frequency of the blade in torsion when
nondimensionalized byfl. Thus, it was concluded that the performance
boundary had the characteristics of incipient stall flutter. Previous
stall flutter investigations (e.g., Reference 5) have shown that the
thrust boundary (hereafter referred to as the stall flutter boundary)
is lowered with an increase in the following parameter which is the
inverse of the reduced frequency parameter:

STALL FLUTER PARAMETER = c1
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The test results indicated that the stall flutter boundaries were lowered
with increased tip speed, fIR, and decreased chord, c, indicating apparent
agreement with the above relation. The stall flutter boundaries were
also lowered with decreasing blade twist due to the earlier stall of the
blade tip section.

Effect of Collective Pitch

The results of Figures 15 to 18 are presented in terms of rotor
thrust versus rotor torque to minimize scatter introduced by the accuracy
with which collective pitch, 075, could be set. Nominal values of
constant collective pitch are, however, indicated by the dashed lines in
each figure. In addition, representative variations of CT/c and Cq/o with
075 are presented in Figure 19 corresponding to the faired data presented

in Figure 17. As anticipated, rotor torque increases rapidly at the
higher collective pitch levels due to divergence of the airfoil drag
characteristics. However, no corresponding fall-off in thrust, an
indication of lift stall, is evident for the range of pitch values tested.

Effect of Solidity and Number of Blades

Rotor solidity was changed, for each blade design, by varying the
number of blades from 2 to 8 as indicated in Figures 15 through 18. Since
each of these figures represents rotors with fixed blade chord, radius,
and tip speed, CT/- and CQ/a- are directly representative of thrust and
torque per blade (blade thrust and torque loading). Comparison of the
results for varying numbers of blades within each figure demonstrates the
improved blade efficiency (thrust/blade (CT/O-) per torque/blade (CQ/o-))
with decreasing solidity. The improved blade efficiency occurs for two
reasons. First, and most important, at a given blade loading, the fewer
the number of blades (or the smaller the solidity), the lower will be the
total thrust and disc loading of the rotor. As a result, the average
downwash (which is a measure of energy expended) induced by the rotor
wake will be lower and hence the blade induced drag will be less. A
second smaller effect arises from the reduced local interference caused
by the tip vortex shed by one blade on the loading of the following blade.

This will be discussed further in a later section of this report.

Although lower solidity at constant aspect ratio implies greater
blade efficiency, there is a limit to which it also implies greater rotor
efficiency. This is shown in Figure 20, in which the total rotor perfor-
mance coefficients (CT and CQ) are presented for the blade design and tip
speed corresponding to Figure 16(a). Since the blade radius and tip speed
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are fixed in Figure 20, CT and CQ are representative of total rotor thrust
and torque. Figure 20 shows that the rotor efficiency (rotor thrust per
rotor torque) is improved with lower solidity only up to a point which is
determined by blade stall considerations.

Effect of Aspect Ratio at Constant Solidity

Of particular interest to the rotor designer is the trade-off in
performance between chord and number of blades while maintaining constant
rotor solidity (total blade area and disc area held constant). The
experimental results comparing the hover performance for eight 18.2-
aspect-ratio blades (c = 1.47 in.) and six 13.6-aspect-ratio blades
(c = 1.96 in.) at a constant solidity of O.140 are presented in Figure 21.
Over the thrust range tested (i.e., up to the stall flutter boundary),
the results are essentially equivalent for the two configurations. The
existence of the stall flutter boundary prohibited the investigation of
the trade-off of number of blades and chord at conditions associated with
deep penetration into stall. The eight narrow chord-blades exhibited
stall flutter at lower performance levels than the six wide-chord blades.
This implies that the aeroelastic, rather than the aerodynamic, character-
istics of the blades may ultimately be the determining factor in selecting
blade aspect ratio.

Effect of Blade Twist

The effect of blade linear twist rate on experimental model rotor t
performance is shown in Figure 22 for two- and six-bladed rotors operating
at a tip speed of 700 fps. For clarity, only the faired curves through
the experimental data from Figures 15 to 17 are presented. An improvement
in performance is noted at the higher thrust levels as blade twist is
increased. For the six-bladed rotor most of the improvement is due to
the initial 8 degrees of twist. For the two-bladed, -16-degree-twist
rotor blades, the higher profile drag at low thrust and the improved
performance in the stall region result in a crossover in blade efficiency
relative to the blades of lower twist.

Effect of Tip Speed

The effect of variations in tip speed (from 525 to 700 fps) or. rot"r
performance is shown in Figures 23 and 24. As in Figure 22, only the
faired experimental curves are presented. Performance results are prt-
sented for two- and six-bladed rotors with 0 and -16-degree-twist blades.
The influence of compressibility, which results in decreasing performance
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with increasing tip speed, is evident for all rotors. The influence is
less for the -16-degree-twist blades because the high-Mach-number tip
sections are operating at lower angles of attack relative to the tip
sections of the zero-twist blades.

Ground Effect

The relative position of the rotor with respect to the ground was
varied by raising or lowering the ground plane. The rotor configuration
and collective pitch setting were held fixed during a series of simulated
rotor height variations. The effect of rotor height above ground (ground
effect) on rotor performance coefficients is shown in Figure 25 for six-
and eight-bladed rotors with a -8-degree twist and an aspect ratio of
18.2. Data are presented for variations in rotor height from 3.5 R, which
is essentially out of ground effect (0GM), to 0.67 R, which is well in
ground effect (IGE). The 0GN data differs slightly from that presented
previously because the plastic tip blades were used for this series of
data; however, thta should have no effect on the relative performance
between the IGE and OGE conditions. It is shown in Figure 25 that the
variation of thrust with torque is essentially linear as rotor height is
varied. Thrust augmentation, which is defined as the increase in rotor
thrust at constant torque for IGE operation over that for OGE operation,
was obtained using the following relation:

TIGE - (CT/o)IGE1

STOCIE (CT/o')oG CONSIANT Cq/O,

The thrust augmentation results are presented in Figure 26, where it is
shown that the effect of rotor height is virtually independent of both
variations in solidity corresponding to six and eight blades and
variations in OE thrust level. The thrust at the minimum rotor height
tested was increased by approximately 18% over the thrust for OCE opera-
tion. It should be noted that the results presented are for -8-depree
linear twist blades. The detailed investigation of ground effect was not
a primary objective of this study and thus was not investigated for all
rotor configurations. Results of recent tests at UARL and Sikorsky
Aircraft indicate a variation in thrust augmentation with blade twist.

In addition to the variation in rotor height discusmed above, the -8-
degree-twist blades (AR - 18.2) were tested IM in a manner to simulate
typical full-scale whirl-stand operation. For these conditions, the rotor
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was 1.67 R above the ground plane and was tested with and without the
presence of a model whirl stand (IGE and IGE/WS). The following tabula-
tion consists of representative averages of the thrust augmentation
results.

Thrust Augmentation Ratio, TIGZ/ToGE
Tip Speed No. of

(fps) Blades IGE IZ/WS

700 2, 6, 8 1.03 1.035
525 P, 6, 8 1.02 1.025

Although the scatter in the individual TIGE/TOGZ results used in determin-
ing the above averages was approximately ±1%, taken in aggregate, the
data indicated a slight increase in thrust augmentation due to the
presence of the whirl stand.

DISCUSSION OF EXPERIMENTAL ROTOR WAKE GECMETRY RESULTS

Sample Photographs

In addition to the sequence of photographs previously preseinted in
Figure ii for a two-bladed rotor, similar sequences for four, six, and
eight blades are presented in Figures 27 through 29. These photographs,
for the zero twist rotor operating at a tip speed of 700 fjs and a

collective pitch setting of 8 degrees, show the time histcry of the wake
as the reference blade rotates to various azimuth positions. The tip

vortex cross sections in the "near wake" (portion of wake within one or

two wake revolutions beneath the rotor) are clearly evident, as are the

discontinuities in the inboard smoke filaments which identify the inboard
vortex sheet locations. Also evident are the rapid contraction of the

wake and the decreased axial wake spacing with increasing number of

blades.

A characteristic of all the photographs taken during this investiga-

tion is the absence of the tip vortex cross sections beyond those

corresponding to approximately three to four blade passages. That is, no

more than four vortex cross sections normally appear clearly on any

given photograph. Thus, the limitizag azimath for visualization of the tip

vortex varied with number of blades according to the following:
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Azimuth Spacing Approximate Azimuth Limit
Between Blades (Azimuth Spacing x 4)

No. of Blades (eleg) (deg)

2 180 720
4 90 360
6 60 240
8 45 180

At first it was believed that the tip vortex cross sections became
indistinguishable due to diffusion of the smoke by turbulent miring as
mentioned by Gilwore in Reference 6. However, close scrutiny of the
photographs and high-frame-speed movies iesulted in the conclusion that
the far-wake region of a hovering rotor is unstable or, at best, neutrally
stable. Whether the tip vortex undergoes a form of viscous dissipation
(decay) or vortex breakdown (bursting) as characterized by certain fixed
wing tip vortices (Reference 7) is conjecture at this time. However, the
results of this investigation indicate a definite departure from the
classical concept of a smoothly contracting wake below the rotor.
Evidence of this is shown in Figure 11, in which the fourth vortex cross
section proceeds to travel radially outward (note particularly the
photographs for * = 90 and 120 deg) until it is no longer visible at
S- 150 deg. Perhaps a we dramatic example of the instability is

presented in the series of Figu. 3 30, in which the fourth vortex cross
section moves radially out and eventually to the side of the third.
Although it is recognized that a small perturbation such as a small
amount of ambient wind or a slight blade-out-of-track may be necessary to
precipitate the instability, this is believed to be an academic consider-
ation since full-scale rotor operation is certainly subject to greater
disturbances than those present wnder the laboratory conditions of this
investigation. More photographic examples a"d a more cos!pete discussion
of the unstable nature of the far wake will be presented in a later
section of this report.

Sample enlarged photographs for combinations of rotor configurationa
and test conditions representative of variations of the

primary test parameters are presented in Figures 31 throu&t 40. Three
photographs for IGZ and whirl-stand conditions are also included. Single
photographs for each configuration and condition are shown with the
reference blade at the zero azimuth position. Note that the top tip
vortex cross section in each photograph corresponds to the tip vortex shed
from the previous blede. A time exposure (Figure 32) of the wake is
included to show the streamline patterns of the smoke filaments. Note that
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this photograph is f'or the same condition as one of the previous stop-
action photographs presented in Figure 31. Sample photogaphs for the
rotor in a simulated whirl-stand environment and IGE are presented in
Figures 38 through W0. The radial expansion of the wake as it approaches
the ground plane is evident in these latter photographs. One of the
observations made during review of these and other photographic data was
that the tip vortex never passed above the blades.* Photographic
evidence of the location of the tip vortex of a fNll-scale rotor above the
plane of rotation was shown in Reference 1, where it was attributed to a
,mall amount of wind. The absence of this phenomenon in the model tests
is ascribed to the controlled laboratory conditims. The wake character-
istics observed in the flow visualization photographs are discussed in
more detail in the following section.

TipVortex Coordinates

Sample results obtained from the reduction of the flow visualization
photographs to coordinate form, are presented in Figures 41 through 52
for the tip vertex. Note that in order to pIesent the axial and radial
coordinates on the sam scale, and since the experimental tip vortices
lere always located below the rotor tip path plane, the negative of the
axial coordinate wito respect to the blade tip (-IT) was plotted. The
symbols at a sarecific azimath represent an average of all the data
reduced fren multiple photoraphs for a given rotor operating condition.
The repeatability of the radial and axial coordinates was Sgeel
within 10.01 R in the stable near-eke region. The flight coaditifts fnr
which data are presented were selected fron over 70 analyzed conditions
to provide typical results indicating the effect of 1*depndet variationw
of the primary test parameters. Since the data in Figures 41 throtab 52
correspond to specific test points, it is suggested that they be us*d
only to exemplify trends but not for final wake goneralisation pwpose4.
Generalias plots base on data free all roduc*e tei con4tions wil be
presented in a later section.

*In some of tbe pbotographs showing the time history of the wak (0e.g.
Figures 27 and 28), a tip €ortax cross section appears to be above the
blade. Thi Is attributod to the viewing Wale of the cameta vtich was
placed beneath the rotor plafn. Sin" the blades in thase 0 ~ *Pb
wv* out of the plane of the smake, their position is distorted relative
to the WON cross sectios in t.hat plaw.



General Wake Features

Several general features of the tip vortex geometry are evident in
Figures 41 through 52. When an element of the tip vortex is shed from a
blade, its rate of axial displacement is very low until it passes beneath
the following blade (at I = 360 deg/b). At that point, the tip vortex
.iement lies radially inboard of the tip vortex of the following blade
and thus experiences a large downward induced velocity from that vortex.
The axial transport velocities before and after the passage of the
following blade are fairly constant in the near wake, as can be seen from
the substantially linear variations of the axial displacement, ZT, with
wake azimuth angle in these regions. The radial displacement, F, of the
tip vortex decays in an apparently exponential manner as the wake azimuth
is increased. The fairings of the data in the figures are based on these

general wake characteristics.

Effect of Thrust Level (Collective Pitch) for Fixed Number of Blades

The tip vortex coordinates for a two-bladed rotor operating at three

thrust levels corresponding to three collective pitch values are shown in

Figure 41. Figure 42 shows the coordinates for a six-bladed rotor for a

similar variation. The axial displacement and radial contraction of the
tip vortex is shown to increase with increasing thrust level. It should
be noted that this result differs from the generalized wake model
assumed by Rorke and Wells (Reference 8), which was based on limited
experimental data.

Effect of Number of Blades at Constant Blade Loading

The effect on tip vortex geometry of varying the number of blades
while holding the blade loading (or CT/cr) constant is shown in Figure 43

for the zero-degree-twist rotor. The rates of axial displacement for
the two- and six-bladed rotors are equal up to the azimuth position
corresponding to that of the following blade. Beyond this point the tip
vortex of the six-bladed rotor, which has a greater total thrust, travels
downward at a faster rate. The radial contraction for the six-bladed
rotor is also greater than that of the two-bladed rotor. Similar results
are shown in Figure 44 for a -8-degree-twist rotor.
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Effect of Number of Blades at Constant Dicc Loading

The effect on tip vortex geometry of varying the number of blades

while holding the rotor disc loading (or CT) constant is shown in Figure

45. The rate of axial displacement is greater for the two-bladed rotor,

which has the greater blade loading, up to the azimuth position corre.

sponding to the following blade. Beyond this point the displacement rates
are equivalent. Also, the radial coordinates are equivalent at constant

disc loading.

Effect of Blade Twist

To show the independent effect of blade twist rate on ti rtex
geometry, the tip vortex coordinates ha-e been plotted in Figure, 6 for

a two-bladed rotor at a constant thrust level. Although the ra 1l

coordinates are independent of twist variations, the axial disp cement

decreases with increasing twist rate -- particularly between -8 nd -16
degrees. Similar results ire shown in Figure 47 for a six-bladed rotor.

Effect of Aspect Ratio at Constant Solidity

The effect of aspect ratio on tip vortex geometry is shown in

Figure 48, in which the data Oor six wide-chord blades are compared at a

constant thrust level with the data for eight narrow-chord blades having

the same solidity ratio. The radial coordinates and the axial displace-

ment rates are approx.-mately equivalent. The axial displacement after
the following blade passes is greater for the high-aspect-ratio rotor

dut +- uhe lesser blade spacing of the eight-bladed rotor.

Effec, . Tip Speed

Tip vortex geometry is shown in Figures 49 and 50 to be independent
of tip speed. Data for two- and six-bladed rotors are presented for tip

speeds of 525, 600, and 700 fps, which, as previously mentioned,

correspond to the tip Mach number range )f 0.46 to o.61.

Effect of Ground and Whirl Stand

The effect of the simulated ground and whirl stand on tip vortex
geometry is shown in Figures 51 and 52 for two- and six-bladed rotors.

For each rotor, the collective pitch setting was held constant, and the
grotmd plane position was changed from the OGE to the IGE position and
the whirl-stand model inserted. As shown in these figures, the axial
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* displacement of the tip vortex is not sensitive to the whirl stand and
corresponding ground plane position (ZG/R = 1.67). Conflicting results

* were obtained for the radial coordinates of the two- and six-blade tip
vortices. For the two-bladed rotor, the presence of the ground or ground
and whirl stand resulted in an expansion of the tip vortex boundary
(Figure 51). However, no difference was evident for the six-bladed rotor
(Figure 52). It is noted that these IGE results are based on a limited
amount of data, and further investigation is recommended. Also, the rotor
height above ground for the simulated whirl-stand condition does not
correspond to what would be considered a severe ground effect condition
(see-Figure 26). Investigation of the effect of ground height on wake
geometry was beyond the scope of this program.

Ger d Tip Vortex Geometry Results

It hAs been shown in the preceding section that the tip vortex flow
visualization data can be well represented by a series of straight lines
for the axial coordinate and by an exponential function for the radial

coordinate. The parameters defining these curves were determined for all
conditions that were reduced and cross plotted in an attempt to generalize
the tip vortex geometry in terms of fundamental rotor parameters. The
procedures followed and results obtained are described below. It is
recognized that some of the conclusions reached in interpreting these data
depend on the manner in which the data are faired. The fairings used

*• represent our interpretation of the data and are believed to be consistent
and reasonable, taking into consideration, as they do, all of the data

.ilabe for the different blade designs.

Tip Vortex Axial Coordinate

All axial coordinate data, including those of Figures 41 through 52,

have been approximated by the following relations:

k, 4w for 0s *wS 27r

2T =' (2)
(zT)w.W=-Vr + k2 (*W- for q1w 2-6r

b b-

The constants k, and k2 are defined as follows:AzT Vz
k, or k2 = '& = • -- = ton Ow

2"vfor k : A *w b

for k. 2 w r
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k, applies prior to the azimuth position of the following blade (2ir/b) and
k2 applies thereafter. It is shown in the above equation that k, and kE
also represent (1) the axial transport velocity of the tip vortex, vz,
nondimensionalized by the rotor tip speed and (2) the tangent of the local
pitch angle of the contracted helix (OW) of the tip vortex. k, and k2
values were determined by linear fairings through the axial coordinate
data as previously shown in Figures 41 through 52.

It was indicated in Figures 42 and 43 that for a given blade design,
kI may be uniquely determined by blade loading (or more precisely, CT/O-).
Thus, the variation cf kI with the parameter CT/0 was plotted and is
presented in Figure 53. Data for all numbers of blades and tip speeds of
the test are included for each of the four blade designs (twist, aspect
ratio combinations). The fe~irings of the data which eliminate differences
due to number of blades and tip speed are believed to be justified in
light of the experimental accuracy of the flow visualization data. If
the repeatability of AZT in the k, region and for a given test condition
is -0.015 (see Figure 14), the following accuracy of k1 results from
Equation (2) for rotors of varying numbers of blades:

No. of Blades Accuracy of kI

2 -±0.005
4 to.010
6 +0.014
8 ±0.019

Essentially all of the data points in Figure 53 lie within the accuracy
range of the faired lines. It is possible that the consistency of the
separation of the data for six and eight blades, -8-degree twist, and
an aspect ratio of 18.2 from the faired line may be attributable to the
use of the plastic tip blades for these rotor configurations. Based on
the faired lines, the following is concluded regarding the kI wake
parameters for the tip vortex:

1. k, increases linearly with blade loading (or CT/a).

2. At a given CT/a, k, is independent of tip speed.

3. At a given CT/a-, kI is independent of number of blades - at
least within the range of experimental accuracy of this
investigation.
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4. The rate of kI vith respect to CT/0 is independent of blade
twist and aspect ratio (slopes of k, vs CT/6 are essentially
constant in Figure 53).

5. At a given CT/a-, kI increases with blade twist rate.

6. At a given CT/o; kl is independent of aspect ratio.

It is noted that conclusions 5 and 6 are qualified by the fact that the
variations of the fairings are within the experimental accuracy.

It was indicated in Figure 44 that for a given blade design, k2 may
be uniquely determined by rotor thrust coefficient. Thus, the variation
of k2 with the parameter CT was determined, and the results are presented
in Figures 54 through 57. Data for all numbers of bladec and tip speeds
of the test are included. Considering the experimental accuracy, it was
again possible, for each blade design, to determine a single fairing
which eliminates differences due to number of blades and tip speed. It
was found that the k2 data could be faired in direct proportion to the
SThis enables the axial displacement velocity of the tip vortex
in the k2 region to be directly related to the momentum inflow velocity
as follows: k2 = C• '/Ci

S= D.Rk, = SR C_
"V -Ti-- "MOM.

The proportionality constant, C, iaried from -1.41 to -1.19 with increas-
ing twist (0 to -16 deg), and was not affected by variations in aspect
ratio. Based on the faired curves, the following is concluded regarding
the k2 wake parameter for the tip vortex in the stable wake region:

1. k2 is linearly proportional to-J•T/2. This implies that the
axial displacement velocity of the tip vortex is linearly
proportional to the momentum inflow velocity.

2. For a fixed CT (or disc loading), k2 is independent of tip
speed and number of blades.

3. The constant of porportionality between k2 and the 4CT/2 (or
between vz and vzMOM) decreases with increasing blade twist
but is independent of blade aspect ratio, being given by the
expression C - -1.41 - 0.0141 01 (deg).
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Tip Vortex Radial Coordinate

It was indicated in Figure 44 that the tip vortex radial coordinate,
7, may be uniquely determined by rotor thrust coefficient. Thus the
variation of the radial coordinates with CT at selected azimuth positions
was determined, and the results are presented in Figures 58 through 61.
The data symbols in these figures represent the mean of all available data
points reduced at a given azimuth for a specific rotor configuration and
test condition. Data for all numbers of blades and tip speeds are
included, and, again, it was possible to represent the data with faired
lines which eliminate differences due to number of blades and tip speed.
The faired lines shown for a given azimuth are identical for each blade
design, indicating that the radial coordinates are also insensitive to
twist and aspect ratio variations at a constant CT. For a given azimuth,
the radial coordinate decreases linearly with increasing CT. Further
analysis of the faired lines shown in Figures 58 through 61 indicated that
they could be accurately represented by the following equation:

T =A+ (I-A) e- -Xw (3)

provided that the constant A was selected as 0.78 and that the constant X
was determined from the function of rotor thrust coefficient given in

Figure 62. The values of A and X were selected to fit the near wake
radial coordinates.

In summary, then, the following is concluded regarding the radial
coordinates of the tip vortex in the stable wake region:

1. For a given azimuth, the radial coordinates are linearly
proportional to disc loading (or CT) and decrease with
increasing disc loading.

2. For a fixed disc loading (or CT), the radial coordinates are
independent of tip speed, number of blades, blade twist, and
aspect ratio.

3. The radial coordinates (near wave) are accurately represented
by the equation 7 = 0.78 + 0.22 e'-Xw

where X is a function of CT alone and is given in Figure 62.
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Vortex Sheet Axial Coordinates

As discussed in the subsection entitled Flow Visualiation Data, it
was convenient to approximate the cross sections of the vortex sheet shed
by the inboard portions of the blades as varying linearly with Y. These
linear approximations are extended (as in Figure 10) at both ends until
they intercept the axis of rotation (Y = 0) or an imaginary cylinder of
radius " = 1. The axial coordinates of the intercepts were found to
be approximated well by the following equations:

S- b

o for os !5 W b
2 (5)

Z=o

(K, F = ( w - for *kw>

The fairings through the data shown in Figure 13 are based on these
equations. Although better fits to the data for F = 0 could be obtained
for individual conditions, the parameters used in Equation (5) above
appeared to give the best overall fit to the r = 0 data for the conditions
aralyzed. Further refinements were not considered valid in view of the
scatter present.

An attempt was made to express the constants appearing in Equations
(4) and (5) in terms of more fundamental rotor parameters, as was done

for the tip vortex coordinates. Analysis of the results indicated that
reasonable correlation of the data with rotor thrust coefficient existed,
as shown in Figures 63 through 65. There appeared to be little measurable
effect of twist, aspect ratio, tip speed, or numbers of blades on the
outboard axial coordinate parameters, KI• = 1.0 and K2 - 1.) (Figures 63
and 64). However, some effect of twist was noted on the inboard axial
coordinate parameter, K--. =,, as shown in Figure 65. Although scatter
is present, the data of Figure 65 show a reasonably consistent trend of
increasing K2j = O with increasing twist. This means that the axial
velocities of the air through the inner portion of the rotor increase
with twist. This appears to be reasonable since twist is used to increase
the loading Rnd, hence, the circulation of the inboard blade sections.



With the axial locations of the inboard sheet cross sections
established (from Figures 63 through 65) together with the radial
coordinates of the tip vortex (from Figures 58 through 62 or Equation
(3)), the radial coordinates of the inboard vortex filaments can be
computed using Equation (1). This equation essentially assumes that the
contraction of the inboard vortex filaments (as measured along the sheet
cross section) is determined by the degree of contraction of the tip
vortex at the axial location where the inboard sheet extension intersects
the tip vortex trajectory.

Generalized Wake Equations

The generalized wake equations (applicable in the stable wake region)
are summarized below.

1. Tip Vortex Axial Coordinates:

k, *w for oa <5 w 2br

2!),Z_7r + k (r) -or ) Tor

-- _- ( - b

k, =-0.25 (cr/0o + 0 '00 1 edeg)

k2 = (1.41 + 0.0141 AIdeg ) 1CGT /2t

- (1+ 0.01 , deg) .V/T

2. Tip Vortex Radial Coordinates:
T" = A + ,-A)e-x•w
A = 0.78 (near wake)
X = 0,14-5 + 27 C-T

3. Vortex She -t Axial Coordinates:

KI-, i 22r
K 

f for

22
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K 1 2.2/C2
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K2 ~ 8 deg + 1 '7
2F0 [-F2-8 (0.45 19deg +I)JVIýT1

4. Vortex Sheet Radial Coordinates:

(see Equation (1))

It is recognized that some of the above equations and constants for the
wake parameters depend on the manner in which the data is faired. The
fairings used represent our interpretation of the data and are believed
to be consistent and reasonable, taking into consideration, as they do,
all of the data available for the different blade designs. However, it
will be shown that the analytical rotor performance results are very
sensitive to wake geometry. In view of this sensitivity, small systematic
refinements to the fairings and thus the above wake constants may be
required if consistently accurate performance predictions are to be
achieved.

COMPARISONS OF TIP VORTEX GEOMETRY WITH OTHER SOURCES

The model rotor tip vortex geometry was compared with available data
from other sources to investigate the consistency between data obtained
on different rotors, on different test stands, and by different personnel.
The available data was found to be quite limited in that no one had
previously conducted a test program such as the one described herein, in
which wake geometry was obtained from systematic variations of the blade
design and operating parameters.

One of the most important considerations concerning model rotor wake
geometry *41s whether it agrees with that of fulU-scale rotors. Tip vortex
geometry obtained from the model rotor teot was compared with limited
full-scale CH-53A date measured on the Sikorsky whirl stand as presented
by Clark and Leiper in Reference 9. A comparison of the model and full-
scale tip vortex coordinates is shown in Figure 66. The model coordinates
were obtained by extrapolating the generalized model rotor wake to a
thrust coefficient of 0.01. These coordinates are in good agreement with
the full-scale tip vortex coordinates. If this correls.tion is represen-
tative, it my be concluded that the generalized wake determined from
model testing is applicable to full-scale rotors. However, since It will
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THEORETICAL METHODS FOR PREDICTING HOVER PERFORMANCE

A principal objective of this investigation was to evaluate the
accuracy of certain theoretical methods, including several developed at
UARL, for predicting rotor hover performance -- particularly as affected
by assumptions made regarding rotor wake geometry. The methods considered
in this study are listed below.

1. Blade Element - Momentum Analysis
2. Goldstein-Lock Analysis
3. Prescribed Classical Wake Analysis
4. Prescribed Experimental Wake *.nalysis

5. Prescribed Theoretical Wake Analysis

Each method is described below with emphbazis placed on the last three,
inasmuch as the first two methods have been in widespread use for many
years.

BLADE ELEMENT - MOMENTUM ANALYSIS

As described briefly in Reference 1, this analysis is based on the
assumption that the lift acting on an annulus of the rotor disc is equal
to the change in momentum of the air passing through that annulus. Each
annulus or, equivalently, each blade section is assumed to operate
independently of all other sections. The relations developed can be shown
(Heyson, Reference 15) to be equivalent to those obtained using vortex
theory in which the rotor is modeled by an infinite number of blades and
the vorticity deposited in the wake of the rotor forms a continuous
cylindrical vortex sheet having a diameter equal to the rotor diameter.
The equations relating local blade thrust and local induced velocity at
the disc are solved iteratively on a digital computer using appropriate
two-dimensional airfoil data to account for any stall or compressibility
effects that may be present. Losses due to flow around the tips of the
blades are accounted for by specifying a "tip loss factor", which assumes
complete loss of lift over a small, arbitrary percentage of the blade tip
region. As used herein, the parameters specified as input to the analysis
were rotor radius, solidity, tip speed, blade twist, collective pitch,
blade coning angle, air density, speed of sound, airfoil cl and cd data,
and tip loss factor (0.97).
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assumption that the lift acting on an annulus of the rotor disc is equal
to the change in momntum of the air passing through that annulus. Each
annulus cc, equivalently, each blade section is assumed to operate
independently of all other sections . The relations developed can be shown
(Heyson, Reference 15) to be eqktivalent to those obtained using vortex
theory in which the rotor is modeled by an infinite number of blades and
the vorticity deposited in the wake of the rotor form a continuous
cylindrical vortex sheet having a diamter equal to the rotor diameter.
TM equations relating local blade thrust and local induced velocity at
the disc are solved iteratively on a digital computer using appropriate
two-dixensional airfoil data to account for any stall or compressibitity
effects that my be present. Losses due to flow around the tips of the
blades are accounted for by specifying a "tip loss factor", which assumes
complete loss of lift over a small, arbitrary percentage of the blade tip
region. As used herein, the parameters specified as input to the analysis
were rotor radius, solidity, tip speed, blade twist, collective pitch$
blade c•ning angle, air density, speed of sound, airfoil c, and cd data,
and tip loss factor (0.97).
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In sunuary, the Blade Element - Momentum Analysis neglects effects
due to the finite number of blades as well as those related to wake

contraction.

GOLDSTEIN-LOCK ANALYSIS

This analysis is effectively the rotary-wing equivalent of the
classical lifting-line analysis used successfully for fixed wings. The
analysis is based principally on the work of Goldstein (Reference 16),
who obtained a solution for the velocity potenti-l for the flow about an

axially translating, doubly-infinite, rigid helicoidal surface. This
surface was shown by Betz (Reference 17) to represent the minimum energy
wake of a propeller (or rotor) having a finite number of blades. By

satiofying the flow bcundary conditions on the helical surfaces
representing the wake, the optimum (or Goldstein) distribution of
circulation in the wake was obtained. Goldstein's results were applied by
Lock (Reference 18), who showed haw the results could be used to design
a propeller. This wa- accomplished by assuming the propeller to be lightly

loaded so that the wake was essentially uncontracted, in which case the
circulation distribution in the wake can be related directly to the
circulation distribution on the blade. Through this assumption and the

use of the Goldstein velocity potential to define the induced velocities
at the plane of the propeller, the blade twist and chord distributions

necessary to produce the Goldstein (optimum) circulation can be determined.
Lock also postulated techniques for handling the inverse problem, wherein
the blade geometry is defined and the circulation distribution and the f
associated propeller performance are required. This situation arises,
for example, when one designs an optimum propeller for operation at a
specified design condition and then wishes to know the performance of this
propeller at off-design operating conditions. In his approach, Iock
assumed that the circulation at each blade section was part of a Goldstein
optimum circulation distribution but allowed the optimum distribution
associated with each section to be different. This implies a different
wake pitch angle variation with radius than would be the case for a blade

whose local circulation values formed part of the same optimum distribu-

tion. The resulting wake structure is, therefore, techunically inconsis-
tent with the optimum wake assumptiois made by Goldstein; however,
reasonable answers are expected for conditions where large departures
from the Goldstein optimum circulation distribution are not in':olved.
Numerical implementation of the Goldstein-Lock methcd, which involves an
iteration at each blade section between the local circulation and local
wake pitch anle, was accomplished using an existing computer program
provided by the Sikorsky Division.
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In suinary, the Goldstein-Lock Analysis accounti for the finite
number of blades on a rotor (thereby eliminating the need for fictitious
tip loss factors) but still retains the assumptions that the blades are

lifting lines and that the wake is uncontracted (light loading).

UARL PRESCRIBED WAKE HOVER PERFORMANCE PROGRAM

The next three analyses to be discussed all employ the UARL
Prescribed Wake Hover Performance Program (or briefly, the Prescribed Wake
Program) for the solution of the blade circulation and inflow distribution
and the corresponding integrated rotor performance. Complete generality
(within the framework of the assumptions to be mentioned) regarding the

specification of the geometry of the wake was maintained in the computer

program. This generality permits the evaluation of a wide variety of wake
geometries such as a classical uncontracted wake geometry (hereafter
referred to as the classical wake), a realistic model of the experimental
wake, and a theoretically defined wake. The incorporation of these three
wake models in the Prescribed Wake Program results in the analyses I- .Led
below:

1. Prescribed Classical Wake Analysis
2. Prescribed Experimental Wake Analysis
3. Prescribed Theoretical Wake Analysis

These analyses are identical except for the representation of the wake.
A description of the wake model used in each will be presented in the
following sections. Other than assumptions regarding wake shape. fhe

following are the major assumptions that currently exist in the Prescribed
Wake Program:

1. Each blade is represented by a lifting line (bound vortex)

divided into a finite number of segmwnts (blade segments), each
having a different circulation strength. The aerod)namic

characteristics determined at the centers of each segment are
assumed to be representative of the entire segment.

2. The wake is represented by a finite number of vortex filaments

trailing from the blade segment boundaries. Each filament is
divided into straight segments, the lengths of which are
determined by a specified wake atimuth interval, .5V•. 7he

circulation strength of each trailing vortex filament is
constant alcrg its length and is equivalent to the -lifference
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between the circulation values of its adjacent bound vortex
negmer,. s in accordance with Helmholtz laws of conservation of
vortic. ty.

3. Vie blade and wake characteristics are assumed to be independent
of azimuth position.

4. ?he qirflaw at the blades is assumed to be two-dimensional

(radial induced velocity components are neglected). For the
rotor perforrkance calculations, tabulated two-dimensional air-
foil data (cg , Cd, a) are provided which include compressibility
effects (Mach number variations). For the circulation calcula-
tions, a set of lift curve slopes and stall angle of attack
are provided which vary with Mach number.

5. Tangential induced velocity components are neglected.

6. Small-angle a8sumption.ý are _ncluded for the inflow angles in
the circulation solution.

7. Following the blade circulation and ijflow solution, convention-
al strip theory is assumed applicable to compute the rotor

performance characteristics.

The method differs from that developed by Rorke and Wells (Reference 8)
in that the blade inflow distribution is determined completely by the
induced effects of the wake (by application of the Biot-Savart law) as
opposed to introducing approximate momentum considerations. A flow
diagram showing the required input, sequence of major operations, and out-
put of the program is presented in Figure 71. As indicated in this
figure, the program is divided into three independent parts. The first
transforms the wake geometry input to wake coordinates. The second
contains the computation of the wake influence coefficients at the blade,
a3 defined by the Bict-Savart law, and the numerical procedures for

solving the circulation matrix and associated induced velocity distribu-
tion. Tn the third part, performance characteristics are computed. A
provirion for automatic plottine of the wake filaments is included.
.aple computer plots bre shown in Figure 72 for a typical experimental
wake and a classical wake model. In the Prescribed Theoretical W'ke
AnAlyfin, the tUeoretical wake geomety is determined from a separate
progrAm (Wake fpeometry Program) and is used as input to the Prescribed
Wa.ze Progrca. The computer time required by the Prescribed Wake Program
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normally iraries from approximately 15 seconds to 2 minutes (UNIVAC 1108
computer) depending on the number of blades, number of wake elements, and
number of internal iterations required.

For all applications reported herein, the blade-wake model in the
Prescribed Wake Program was represented as follows:

Number of blade segments 15
Number of wake filaments per blade 16
Number of wake revolutions 11
Wake azimuth increment 30 deg

The 15 blade segments were distributed such that 10 were spaced at 0.02 R
intervals over the outer 20% of the blade span. Wake revolutions beyond
the eleventh were found to have a negligible effect on rotor performance.

PRESCRIBED CLASSICAL WAKE ANALYSIS

Ibis analysis is, in many respects, similar to the Goldstein-Lock
Analysis described above in that a finite number of blades is assumed,
each blade is represented by a lifting line, and an uncontracted wake
geometry is prescribed. The primary differences in the analyses are as
follows:

1. The helical sheets of vorticity representing the blade wakes are
approximated by a firite number of discrete trailing vortex
filaments to facilitate numerical 3olution (on a computer) of
basically the same equations which, for the optimum case,
Goldstein solved analytically. The availability of a L,,merical
solution also permits a more direct solution of the. inverse
prcblem wherein the geometry of the rotor is specified as
opposed to the circulation distribution.

2. The wake geometry assumed in this version of the analysis
differs fros that for the Goldstein optimum wake in that the
axial transport velocity of each vcrtex element in the wake is
constant with radius and is equal to the momentum value.
Tangential transport velocities Are %ssumed to be zero. For the
low helical wake pitch angles associated with helicopter rotor
disc loadings, the oliter portion of the wake used approximates
the Goldstein wake.

A sample Plot of the classical wake trajectory was presented in Fixur- 7?.
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The operating conditions for which rotor perforraance was computed
using the Preocribed Classical Wake Analysis are listed in Table IIl.

TABLE III. PRESCRIBED CIASSICAL WAKE CONDITIONS

Collective
Nwist Aspect No. of Tip Speed Pitch

Rotor (deg) Ratio Blades (fps) (deg)

Model -.8 18.2 2 700 6,8eIO

Model -8 18.2 4 'l00 6,8,10

Model -8 18.2 6 700 6,8,1O

Moeiel -8 18.2 8 700 8,10

Model -8 18.2 2 525 6,1,0i

Model -8 18.2 6 525 6,8,10

Model 0 18.2 ? 700 6,8,10

Model 0 18.2 4 700 6,8,10

Model 0 18.2 6 700 6,8,10,ii

Model 0 18.2 8 700 8,1i0

Mode l - 1 18.2 2 700 6,8,10

Yodel -In is. 6 700 6,8,I0

Molel - 13.1. 2 700 6,8,10

M, -. 1 . 700 6,8,io

. 7,,1l

z- 11 nv ý f ý%ltlýýre::ponl ýc opr~tio.



PRESCRIBED EXPERIMENTAL WAKE ANALYSTS

This analysis differs from the previous analyses in that a more
realistic, contracted wake geometry based on experimental flow visualiza-
tion data is used as input to the Prescribed Wake Program. Rather than
input coordinates for each vortex element in the wake, Equations (1)
through (5) are used to define the wake and the individual coordinates
are computed in the program. In this manner it is only nece:i-ary to input
the following wake constants and certain wake azimuth angles:

A, A, kI 9 k2 , KI, = O , K~j = O , KIF = ', K2r 1

The required wake azimuth angles are simply the junction angles that
bound the kl and k2 regions. Use of the wake equations and the above
constants greatly simplifies the input requirements .Mle retaining
sufficient accuracy for the computation of induced velocities at the
rotor blades.

1igure 72 indicateb how the computer transform- the input wake
constants to coordinate form and plots the resulting wake pattern. On
the 1. ft side of this figure are the top and side views of the -omputer
representation of a typical experimental wake. For clarity, only the
wakes from 1 blade and 12 vortex filaments are shown. ýor this test
condition, 5 of the 16 vortex filaments over the outer 8% of the blade
were used to represent the tip vortex. The spanwise division between the
vortex sheet and tip vortex regiors is determined by the requirement that
the vortex filamentL grouped in the tip vortex have the same circulation
sense and one which is consistent with a negative derivative of the final
computed bound circulation distribution (-d'/dr) over the tip region of
the blede. This results in the radial location of the peak bound
circulation as the dividing point between the inboard sheet und tip vortex
portions of the wake. An iteration is biilt into the computer program to
insure this consistency. A program refinement, included under this
contract, was a. improvement of the wake geometry representation through
incorporation of a provision for approximating the roll-up of the tip
vortex filaments into a ;infle filament. Tis was accompli.'hed by
truncatirn. the inaier tip vortex filaments at an input a!iimuth (30 deerees
was used in this investigation) and assi~ring tne experimental tip vortex

geometry and the combined circulation streng•th to the re~ining filntment
(Figure T2). In addition, an improved reprenentation of the vortex -.heet

.~! 7



was included which allows the vortex sheet to extend to the tip vortex
boundaiy. Finally, a provision was included for irputting tip vortex
coordinates rather than using the curve fit equations. if such a mode of
operation is d.esiced. The far wake model was assumed to be a smoothly
contracting extension of the near wake as shown in Figure 72. The inclu-
sion of provisions accounting for the instability of the fir wake observed
in this investigation was beyond the scope of this atudy. The exact
natuie of this instabilit;, and whether the unstable region is sufficiently
removed from the rotor so as not to affect rotor performance remains to be
investigated.

The operating conditions for which rotor performance was computed
using the Prescribed Experimental Wake Analysis are listed below.

TABLE IV. FRESCRIBED EXPERIMENTAL WAKE CONDITIONS

Collective
Twist Aspect No. of Tip Speed Pitch

Rotor (deg) R&..io Blades "fps) (deg)

Model -8 18.2 2 700 6,8,10

Model -8 18.2 6 700 6,8,10

Model -8 18.2 2 5,,25 6,8,1

Model -8 18.2 6 525 6,8,10

Model 18.2 2 700 8,10

Model 0 18.2 6 700 8,10

Model -8 13.6 2 700 8,10

HU-IA -1? 17.3 2 713 7,9,11

CE-53A -6 16.7 6 698 8,10,12

All conditions inve:tigated correspond to OGE operation.
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PRESCRIBED TEORETICAL WAKE ANALYSIS

General Apprca ch

The final performance method evaluated was the so-called Prescribed
Theoretica. Wake Analysis. In this method the wake is again prescribed as
input to the Prescribed Wc'.e Progrem in order to compu-te the blade and wake
circulation distributions and the associated integrated rotor performance.
In this instarce, however, the input wake geometry is determined princi-
pally from theoretical considerations rather than from experiment.
Conceptually, the computation of the theoretical wake geometry can be
accompliShed by the following steps:

1. Estimate the vorticity (circulation strength) in the wuke from
a previous solution of the bound circulation distribution on
the blade.

2. Specify an initial wake geometry.

3. ApIly the classical Biot-SavartL relation to compute the
velocities induced in the wake by the wake vorticity.

4. Integrate these velocities over a small increment in time to
define a new wake geometry.

5. Repeat Steps 3 and 4, alternately, until a converged wake
geometry corresponding to the initial estimate of blade bound
circulation is obtained.

6. Compute a new estimate of the blade bound circulation
distribution using the Prescribed Wake Program and the wake
geometry from Step 5.

7. Repeat Steps 2 through 6, iterating until a compatible geometry-
oirculation solution is obtained.

The process just described is illustrated schematically in Figure 73. In
the top half of this figure, the fundamental, iteration between the blade
circulation and wake geometry is indicated, while the lower half of the
figure indicatex the second iteration required to obtain A geometry

consistent with the current estimate of the blade circulations. A computer
program termed the Wake Gecuetry Program has been developed to perform
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tai: ::econd iteration. Iterations of the type described are necessary
because the complexity of the rotor wake geometry precludes a closed-form
solution to the problem.

Although the process described above is conceptually straightforward,
its actual numerial implementation represents a formidable task, even
with modern computers, because of the great number of vortex elements that
conceivably could be used to represent the wake. Approximations are,
therefore, necessary to limit computing time requirements. The following
sections describe the procedures and approximations employed in this
study.

Before proceeding to th. detailed discussion of the procedures and
approximations used, a few general remarks are in order regarding the
computer program developed. The core program available for this study
was basically one which was capable of computing wake geometries for
forward flight conditions (see Reference 2). As a result, the program is
not optimized for the hover condition and thus, for example, the symmetry
features of the hover flight condition are not included. Incorporation of
such features could significantly reduce computing time. Also, initial
attempts to apply the program in hover disclosed an apparent instability
of the wake at moderate distances from the rotor. This instability
appeared to conflict with ihe more or less classical conception of the
hovering rotor wake as being a stable, smoothly contracting wake.
Considerable effort was expended in investigating the possibility that the f
apparent instability was a result of the numerical procedures used; in
the process, several modes of operation of the program were developed
before a conclusion was reached that the physical wake is apparently
unstable. The differert operating modes allow the user to check various
atusLmptions made in the computation of the wake geometry. The resulting
computer program should, therefore, be considered a research program
rather than one which is optimizei for maximum efficiency in production

~..erioaI 'relue.ireg anl Ap;roxim~tions

.'he vrocelure. an¶ approximations employed in developing a numerical
retho' f.,r cmputin. rotor wike geometries for hotering flight are
-15 r ,e I belrw. h,! reAder ;t Al.ýo r;ferred 'o Reference 2 for more



Discrete Vortex Representation

The continuous helical sheets of vorticitý trailed by the various
blades of the rotor are represented by a finite number of discrete trail-
ing vortex filaments. This approach is fairly standard, being u.ced by
Westwater in Reference 19, for example, to compute the geometry of fixed-
wing wakes. Figure 74 shows a schematic representation of a continuousz
sheet wake from one blade and the approximation to this sheet made u:.ing
discrete filaments. Because of the nature of rotor blade bo~ud circula-
tion dirtributions, the discrete vortices naturally group into two parts:
a -.trong, rolled-up tip vortex filament ar.ý several weaker filaments
representing the inboard portion of the vortex sheet. In addition1, it
eviden* from Figure 74 that the discrete vortices are each represented by
a series of straight-line segments rather than by continuour curves. rhe
length of the segments is determined by the time increment used in the in-
tegration of the distorting velocities acting on the filaments and the
magnitude cf 'he distorting velocities themselves. Each di:crete vortex
was assumed to have a finite core radiuz eoual to O.CK05 R. Velocities
within the core were arbitrarily set to zero. More elaborate representa-
tion of the velccities within the core are -vailable (e.g., Reference 20)
but were not used herein in view of other, more important asnumptionz
made in this analysis.

Far Wake Representation

Theoretically, the helical wake under the rotor extend. downstream
to infinity. As indicated ýreviously, the basic computer program available
for this study was a forward-flight program. in this program the wake i:

truncated after a specified number of revolutions as indicatel in Figure
75 (for a hover condition). Initial attempts to compute the di:.tortions

of such a truncated wake in hover showed that it quickly tended to roll up
as shown in Figure 75. In Figure 75(a), the truncated wake at the :tart
of the computation is shown; while -n Figure 75(b), the early --ta:es of
roll-up are evident after 12 time steps. Thi• phenomenon is s.:il1r to
that observed in Reference ?1, where iQortions of a wake repre::entei by
a finite number of vortex rings were computed. The roll-up -ervel ir.

reAsonable inasmuch a- f.ymmetry :oDnsierationý lictate thiat the .lf-
induced radial velocities actin4 on the trurncAteyl helicul %, rte. m be
ant i tric about the midpoint of .• helix. Tn %n t,%temp* ( '

,hiz. problem 'which waz consilerel be t fictji iou: problem- r-vi'el nly

by the wike truication feature' An. tt the ý:,e time keep cp,:ti .
low, a MC~lification to the bscpro :i-am 'a;,: -.Ale wmreie'n ýhe :e~

wa:. iivided into nenr- anv~ f~r---Ake t-ion:s ias sfh::vn -ý 7,



near wake is allowed to distort freely under the influen!e of the wake-
induced velocities. The far wake, however, was nrtifically constrained so
that its diamete, DF, was at each time step set eu'ial to twice the radius
of the last vortex element in the imdiately precedirg near wake. The
axial spacing was set equal to the last revolution of the initial wake
(which for these calculations was based on experimental data). As will be
discus.;ed below, the partially constrained far wake moves away from the
rotor as the computation proceeds, so that its influence continuously
diminishes.

Numerical Integration

The numerical computation of the distorted wake geometry involves
two basic steps: (1) the use of the Biot-Savart Law to compute the wake
distortion velocities (vx, Vyp, Zp) produced by a given wake geometry and
vorticity at any point (P) joining the straight-line vortex elements (see
Figure 77), and (2) the integration of these velocities over a small time
increment (or time step) to establish a new wake geometry. These basic
steps are successively repeated until there is no change in the computed
wake geometry. The expressions used to compute and integrate these
velocities are given in Appendix I. As the wake distorts during the time
increment, the blades are allowed to rotate to new positions. This
rotation leads to the generation of new near-wake elements. As a result,
the number of near-wake elements continually builds up while the partially
constrained far wake moves axially away from the rotor. The process will f
be illustrated by a specific example in a late, section. Other modes of
operation are possible with the program but were not evaluated in this
contract. These will be described in the report documenting the program
itself.

Further Inboard Wake Approximations

As noted above, the inboard sheet Las been approximated by a series
of iiscrete, segnted vortex filaments. If one were to consider
computing the contribution of each vortex element in the wake to the
veloCjtieCS acting on all other elements in the wake, one woulA find that
the computing tir quickly gets out of hand. Signifi-knt reductions in
cnmputing time can be acotm1plished by (1) eliminating elements in the
wake, (2 avoiding the computation of the listerting velocities induced by
certain elements at each and every tim" step, nr (3) ayvoiding altogether
the computation of the distortinA velocities ii.duced by certain elements
on othe- elements. A combination of all three a;woaches was used in this
st'dy (Alth7-i4h it :;hou'- be noteA that the pro~ra• has optional modes of
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operation which will allow a complete interaction computation if one so
desires). Thus, the far wake was truncated after NF revolutions. Also,
advantage was taken of the fact that the circulation strergth of each
inboard vortex filament is significantly less than that of the tip vortax.
The distorting velocities inluced by the inboard elements on the tip
vortex are, therefore, generally small compared to those induced by the
tip vortex itself. Rather than neglect the inboard wake completely in
the wake geometry computation a. was done in Reference 2, it was decided
to (1) specify a representative inboard wake-tip vortex geometry,
(2) compute the velocities Induced along the tip vortex by the inboard
wake for this geometry at the initial time step, and (3) keep these
velocities constant for all succeeding time steps during which the tip
vortex distorts under both its own variable influence, which varies with
time, and that of the inboard wake, which is constant with time. The
representative wake geometry used to compute the inboard wake effect on
the tip vortex was estimated for each operating condition from the
experimental wake data given in Figures 53 through 65. A typical geometry
is shown in Figure 78. As shown in this figure, the outer boundary of
the inboard wake was tersinated at a distance about 0.04 R from the tip
vortex trajectory, except in the immediate vicinity of the blade, where,
of course, the radial location was determined from the nature of the
bound circulation distribution. The resulting boundary appeared reason-

able when compared with smoke picture observations and considering that
the local trajectory of a vr "tex element should be dominated by the
rotational velocity induced ')y the nearest element of the tip vortex.
Finally, specification of the inboMrd sheet geometry eliminated the
necessity of compAting the effect cf the tip vortex on the inboard sheet.
By incorporating these approximations, the computing times required were
reduced by about an order of magnitude to about f minute per time step f-r
a typical twc-bladed rotor case and 24 minutes per time step for a typical
six-bladed rotor case (UTIVAC 1108 Computer).

Bound Vortex Effect

The velocities induced on the tip vortex by the blonde bound vort'city
were neglected. This eliminated an artificial - problem resulting
from the representation of the blade as a liftin# line and frLE the
computation of velocities at discrete point: in "the wake. As a result,
unrealistically large fluctuations In induced veioity occurred as the
bound vortex passed over points on the ti- vortex generated by the pre-
yious blade. Removal of these basic restrictions to the prograa was
beyord the scope of this study. Because the generally &ntisy~wtric
nature of the velocities induced by the hound vortex and their rapid decay
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with increasing distance from the bound vortex, it is believed that the
neglect of these velocities should have little effect on the computed
average position of the tip vortex.

Operatind Conditions and Pro.ram Parameters Selected

The operating conditions for which rotor wake geometries and
associated performance characteriqtics were computed using the Prescribed

Theoretical Wake Analysis are given below.

TABLE V. PRESCRIBED ThEORETICAL WAO CONDITIONS

Collective
Aspect Twist No. of Tip Speed Pitch

Rotor Ratio (deg) Blades (fps) (deg)

Model 18.2 -8 2 700 6.8,10

Model 18.2 -8 2 525 8,10

Model 18.2 0 2 700 8,10

Model 13.6 -8 2 700 8,10

M,-,,e 1 18.2 -8 6 'TOO 8

HU-lA 17.3 -12 2 7V3 9

I CH-53A 16.7 -6 6 698 10

All conditions investigated corre3pond to OGE operation.

in computing" the wake geometries ard rotor performance for the
coniiont de.cribeid above, the folluing parameters were selected a,-
input to the Wake Coometry Program (input to the -rescribed Wake Program
wi the :-ame a. that described in the fection entitled "[LLRL ESCRIBFD



1. Number of inboard wake filaments 4 to 5 (as required)

2. Initial number of near wake 3/blade for b = 2
revolutions (tip vortex) 2/blade for b = 6

3. Far-wake revolutions (tip vortex) 8/blade for b = 2,

3/blade for b = 6

4. Number of time steps used in 49 for b = 2,
integration 29 for b = 6,

5. Nondimensional time interval 0.524 (30 deg) for b = 2,
used in integration, A k =flAt 0.349 (20 deg) for b = 6

6. Number of inboard wake 4 for b = 2,

revolutions 3 for b = 6

7. Initial wake geometry estimated from
,'iures 53 through 65.

Although the number of fiiamients per blade in the initial wake was less
for the six-bladed rotor because of program :-torage limitations, the total
number of filaments in the wake for the two- and six-bladed rotors were
comparable.

Wake Stability Characteristics

Evidence of Wakre Instabli

Initial results for the two-bladed model rotor obtained from the
Wake Geometry Program (as modified for this study) disclcsed an apparent
instability of the helical tip vortex. This instability, which occurred
at axial distances from the rotor plane as low as 0.15 R, is ii±uTtratel
in iFgure 79. Here the compLIted axial and radial coordinates of the tip
vortex for several different time steps in the calcula.tion are presentel.
At the start of the computation (extreme left-hand panel of Vieure 79),
the wake is assumed to smoothly contract and to be compcfed of the near-
and far-wa.e regions leecrihed previougly. That portion cf the near wuke
in the immediate vicinity of the rotor plane was obte.inel from the
generaliz-d exprimental resultz of Figurz 53 throu4h '3. The renninder
of the initial wake was obtained throAgh extrapolaticn in a manner
consistent with the c]assicpl conception of a =moothly c-ntract.in. rotor
wake in hover. As the calculation of th,- geometry prroceedcIý (i .e., % he



number of time steps iiicreaces), the rotor rotates, new near-weAke vortex
elements ar'e created, the far wake moves downstream, and thie near wake
distorts under both its own influence and that of the far wake. The
remaining panels of Figure 79 illustrate the process by showing the wake
ac computed after 6, 12, 183, and 2~4 time steps. (For the nondimensional
time used in this computation, 0.524, 12 time steps correspond to one
revolution of the rotor.), The circles shown on the wake boundary
i~epre~ient the intercepts of the heiical tip vortices of both blades with
the F - F plane containing one of the bladec as a reference. These
circles would mark ti'ý^ <.ositions of the vortices that would be observed
in photographs taken in a flow visualization experiment (such as conducted
under this contract) wniere smoke was introduced into the rotor flow field
in the nonrotating systaem. It is evident from Figure 79 that. the wake
becomes unstable at soce distance below the rotor.

In view of the importance of the conclusion regarding the stability
of the rotor wake, additional checks on the numerical procedures being
used were made. In addition, available literature and data wer-e reviewed
in an att~mpt to obtain supporting evidence. The numerical rhecks
included the use of different nondimensional time interval. and other
numerical integration technicquef: such as the Runge-Kutta method All
results obtained were qualitat4 -vely the sw

The review of the literiture disclosed an analysis by Levy and

Forsdykc: (Reference 22) which. indicated that k aoubly-infinite, constant-
diameter, helical vortex can be unstable wben the pitch aangle of the
helix is less than 0.3 radiam. KHe'il pich arngL.,& for helicopter hover
conditions lie in this critical _-aigc. Although the Ectual rotor wake in
hover is a contractingr wake, It is believed that the results from
Reference 22 imply the possibility of a potentlal stability problem.
Comspariso~i or the unstable wake re-ýults obtained herein with rtsults of
other unalyses 4.r which stterptý --ere m:.de to cc.21ate -,he geometry of
rotor w~akes in hover was generally inconclusive teca-.se of differing
issumptions and numrical techniquts employed. For example, interpre-
tation of the results of Reference 21 (where vortex rings are used and the
equations are integratel an in thii study) are complicated by the general
roll-uIp probi'em of a trincated wile noted earlier. Hovever, a lack of
convergence of certain arean of the wake was, noted. In ?eterence 94, an
analysin employing heli,-a'. vortex filaments b~it a fimsdame tally different
numerical com~taticn scheme in lescribti. A?.so, only two ful.-i dijstor_-
;.t revolution,ý of" the wake are ~c~irdtolgether with a par'. ,ally con-

:ýIzx~ed ai wiake. qualitative eonr~en"' t-tats ý.te emp~oyed, and no
Men~tion of any ~eve'wke inz-tability i.% mded in cortnection with the



limited results presented. In spite of apparent differences regarding
wake stability, results of Reference 9 appear to agree well with renults
obtained in this study for the region of the wake near the rotor plane.
This will be discussed further in a subsequent section.

Experimental flow visualization data reviewed included that from
References 1, 10, and 12, as well as data obtained under this contract.
The review led to the following observation-

1. The critical area of the wake where the instability was
predicted was generally poorly defined.

2. In a large number of cases, evidence of a rolling of
successive coils of the helical tip vortexes around one
another (local roll-up) could be found. In those experiments
where smoke was injected into the nonrotating system, 2uch as
the present study, this roll-up was inferred fromn an uneven
axial spacing of the tip vortexe3 end, more importantly, from
the fact that downstream vortexes had radial coordinates
greater than those for upstream vortexes.

3. Shortly after evidence of roll-up of -the experimental wake was
noted, further tracking or observation of the tip vortexes
became exceedingly difficult. Thus, the roll-up may be the
cause of the poorly defined wake noted in Item 1 above.

14. In rno case was a smoothly contracting tip vortex observed over
large enough axial distances below the rotor as to definitely
preclude the possibility of an instability.

These observc.tions are substantiated by the sample photographs
presented previous~y (Figure 30) and the additional 'photographs pre~ented
in Figures 80 through 82. A schematic interpretation of these photographs
showing local roll-up of the tip vortex is shown in Figure 83. In Nummry,
then, the prediction of an unstable wake does not appear to b,^ inconsiiý-
tent wiith available evidence; further work should, however, be undertaken
to define the characteristics of experimental wakes in more detail in the
critical. areas. ",tama~rd flow visualization tech'riques appear to be o'f
marginal usefulness of this purpo~se, and hot-wire and/or holographic
gpproa,-hes -ýhould be considered.
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Implications of [nptability on Procedures Employed

The existence of a wake instability obviously complicates both the
computation of wake geometries and the use of these geometries in the
subsequent computation of rotor perfornance. Some modificatior. of
anticipated procedures was necessitated and those procedures that were
used are denscribed in the follcwing paragraphs.

Clone examination of the geometry resultn obtained indicated that
althoueh the computed wake did become unstable at moderate distances from
the rotor, the portion of the wake in the immediate vicinity of the rotor
plane (extreme near-wake) did converge to a reasonably stable answer,
with the degree of convergence improving with increasing proximity to the

rotor. This presumably is due to the foct that one end of the wake is
perfectly stable, being tied as it is to the blade itself. The conver-
gence of the extreme near-wake, which was also observed in the study of
Reference 21, is illustrated in the sample results presented in Figures
•- and 85. In Figure 84, the time histories of the radial and axial
coordinates for two critical points in the wake of a two-bladed rotor are
shown. These are the points of the wake lying immediately below tbhe blade
(qw = 180 deg and 360 deg). In Figure 85, on the other hand, the computed
radial and axial coordinates at two different time steps are presented a,.
a function of wake azimuth position. Experimental results are also shown
in Figure 85 for reference purposes. Convergence of the extreme near-wake
to a stable solution is t.pparent. A!so, results such as these led to the
selectiLi of 49 time steps in the wake geometry integration as being
adequate fcr all two-bladed rotor computations. This corresponds to a
computation of the wake for a time period corresponding to four rotor
revolutions or eight blade passage cycles. Fer the six-bladed rotor, only
?? tine -tep. (i.e., 1.61 rotor revolutions, 9.,, blade passage cycles)
were used because of machine storage limitations. It was also necessa.ry
tc reluce the time interval to 0.149 (2C deg) to avoid a mathematical
instabillity. :n s•pite of the lower number of time sýteps, reasonable nc~r-
woke converý!ence wa% obtAined.

ýn usn: the predicted tip vortex @eometries to ccmpute new blale
clr [on ¶istrlbiticns by ne~ns 'f "he Pre-cribel Wake r the
c-nver~ c net~r-wake re:s'.il',ý witre in n i e App~rcximAited by the
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Constants in the expressions were determined by emphasizing correct
positioning of the vortices in the immediate vicinity of the blade (i.e.,
at Ow= 180 deg and 360 deg for a two-bladed rotor). In an isolated case,
where the above analytical expressions did not appear to repra.ent a good
fit to the computed geometry, the actual computed i, z values of the extreme
near-wake were used and extrapolated in a reasonable manner to obtain the
entire wake. By using these procedures, the necessity for employing
computed wake coordinates for that portion of the wake which was predicted
to bc unstable was avoided.

Sample Wake Geometry-Blade Circulati n Computation

In view of the relative complexity of the procedures involved in
computing the wake geometry and associated rotor performance, a specific
example illustrating the various steps of the process is desirable and is
presented below.

Rotor and Rotor Oprating Condition

Number of Blades 2
Twist -8 leg
Tip Speed 70 f ps
Aspect Ratio l3.C

Nominal CT/cr 0 C-95
Radiiu' 2-.4 ft
Collective PItch 1l 4l,_
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. .imate the wake we, i.-, . .g the experimental results of
'iý,'ureý; '. throuLh ",5 (nee Figure 9.t,).*

('Trmpute the bound circulation distribution using the experimental
wike .-eometry from .*tep I %s input to the Prescribed Wake Program.
Ihe;:e re,:ults are :hown in Figure ";7.

Approxicte the contnuous bound circulation distribution from Step 2
by five -on;:tant-circulition ,:egments as shown in Figure .7. Note
th-it the circula';on peak (['max) near the tip of the blade has been
£nrreasel in magnitude and decreased in radial extent in making the
ipproximation. Ihis in done in anticipation of the expected final

circulation dirtriblition. The particular changes made were prompted
by the ob.servation that the theory generally prelicted the vortex
from the previeu.: blade to lie closer to the rotor and farther
outboliri than wa.s obs:ervi-d experimentally. The step changec in
-irculation, of cour:e, imply the generation of trailing vortex

filaments having zirculation strengths equal to the changes in bound

circulntion. The tip vortex is trailed from the F 1 location,
while the vortexes representing the inboard sheet trail from ' -= 0.15,

.½ X. 7ý, . and ).,385 in this example.

4•. 'sing the approximate bound circulation distribution from Step 3 to f
pec i fy the circulition strengths of the inboard and tip vortex

.'ilAments and using the geometry shown in Figure 87 for the initial
trrtin: w~ke, compute the corresponding distortions of the tip

vwrtex us-int the Wake 'eometry Program. Figure 29 shows the result-
i-uf.{£•tc r io :=compute_|.

, Aproe(Imte the extreme near-wake usit:, Fquation: (k?) and (3) as
":hown in F'igure k6,

n e- %j , r e £-.1 ; : IPA at-r, ghc cl•: c:a l ir 'e wake

wakeMckl



6. Use the wake from Step 5 as input to the Prescribed Wake Program and
compute a second estimate of tne bound circulation. Compare the new

circulation distribution with the approximation used in :,tep Is (.,;ee
Figure 89). If differences are within the tolerances indicated in
Appendix II to be acceptable (as is the case in Figure 89), then the
wake geometry and circulation distribution solutions are considered
compatible; if not, a furthpr iteration is required starting with
Step 3.



EVALUATION OF ANALYTICAL TECHNIQUES

MODFL BIADE AIRFOIL DATA

The airfoil data used in the theoretical calculation were based on
available twc-dimensional, low-Reynolds-number data adjusted, through a
rynthe.:ization procedure, to provide correlation between the test results
for the untwisted two-bladed rotor and the results of the Blade-Element
Momentum Analysis. lerformance results were first compared on CT/l versus
CQ/ir plots for the three tip Mach numbers tested to determine the general
quality of correlation between test and this particular theory. More
detailed comparisons were then made on CT/l versus 175 and CQ/6 versus
07 5 piot2: to estimate the relative magnitude of change required in the
-irfoil lift curve slope, ztall angle, and drag data to improve correla-
tion. Approximately five iterations were required at each tip Mach
number condition to achieve acceptable correlation in both the thrust-
torqie reaults and the thrust-torque-collective pitch results. The final
synthesized airfoil data generated (Figure 90) were then used in all other
theoretical calculations. In comparing these data with the original two-
dimensional dLta, only small changea were noted. The synthesized data
,Ave generally higher lift curve slopes, higher maximum lift coefficients,
and lower profile drag coefficients. The differences are attributed to
difference: in Reynolds number and 'urface conditions for the blades
t .:ted.

EVU 1,,AT1 CIN 'F WAKE C-E i'VETR: PMOGRAM

: i~e t -e l thr:'h )5 compare the predicted radial and axal

c - e: thr 'ip vortex with those measured experimentally. The
e X-rtiMt! i -1_rve- f:ho'n were obtained from the faired curves given in
the ererali:ed wt,:e chartg of F•iures 53 through 62. The basic trends
or lhe e vfenr.*a1 Ia have already been discussed in the section

ený 'T FYF2F ^NT~t7Ar WAKF C!I~TCW Y RF.N7TT`, and only the
,.renerai Ability of the thetor to pre';ct the observed renults is considered
here.

Fx•tminnion of the r,, 4ts in Y - ')I throigh 95 lead! to the
1"w ý. i Pnoral obervia{ons reirtkrline the %ccu-scy of the theory:

I. c?•-,k *hle.ry ofedt~o*le. <4 k1 (the average glope of the kT curve

- - .*..wvaenly the nmln~ienfcional axial
~'e. ~ hi,:h '3re ~ii en 1y :wrr than thaze =mea~ured. As a



result, the tip vortex from one blade is predicted to pass closer
to the following blade than is observed experimentally. This is

particularly true for the two-bladed rotor results, where the pre-
dicted vortex-following blade distance is generally about one-half
of the measured value. For the six-bladed rotor condition shown in
Figure 93, the predicted value of kI is actually positive, with the
result that the vortex passes above the following blade inntead of
below the blade as is observed. In this casp, the predicted and
measured vortex-to-following-blade distances are about the same.

2. The predicted rate of contraction of the tip vortex in the immedinte

vicinity of the rotor is somewhat less than that mea,:ured. AS a

result, the predicted radial p.sition of the tip vortex at the

important wake azimuth angle of 360 deg/b (i.e., in tiw vicinity cf
the following blade) is approximately 0.02 R farther outboard.

3. The analysis predicted accurately the experimental values of k2 , the
average slope of the !Tcurve for k,1. -360 deg/b.

4. The analysis appears to be generally capable of predicting the

changes observed tn the wake geometry when various rotor or flight

condition parameters are altered; e.g., the greater k2 and increased

contraction observed with increased thrust (Figures 91 and 93).

The results obtained from the Wake Geometry Program for the full-

scale CH-53A rotor were also compared with analytical and experimtntal
results presented by Clark in Reference 9. The comparis-n is shown in

Figure 96, where the tip vortex axial and radial coordinates are presented
versus wake azimuth angle. Although some difference exists in the rotor

thruv levels, the comparisons can be considered quite favorable, at

least until evidence of wake instability is noted in the results cr this
study at the larger values of sk.-

In zum try, the wake geometry analysis developed herein predict:

many )f the qualitative characteristics observed in rotor waxes. The

quantitative accuracy of the analysis is lizited by one major shortcoming; =

namely, the inability to predýct accurately the average axial transport

velocity of a tip vortex element. between the time when it it Ienerated

and the time when the element passes the next blade. Althourh the exact

reason for this discrepancy is not known at this time, the nael for

replacement of the 4i:crete filaent wake model by a continuou s:het

53=



model in the vicinity of the blade is probably implied. Consideration
should also be given to reducing the computing time of the curre.,t Wake

Geometry Prcgram so that a more thorough assessment of some of the other
a:;zumptions made in this study can be considered. A significant reduction
in time could be achieved by incorporating the symmetry features of the

hover mode of operatkon.

EVALUA i0O1 OF •iRFORMANCE METHODS

The theoretical performancze methods were evaluated by comparing the
predicted hover performance results of the model rotors and two full-
scale rotors with test results. The full-scale rotors selected were the
six-bladed Sikorsky CH-53A and the two-bladed Bell HU-IA. The discuision
of the performance results follows.

ode I Rotoi j

vrformance Predicted by Ut.contracted Wake Methods

The performance results of the Momentum Analysi;, Goldstein-Lock
Analysis, and the Prescribed Classical Wake Analysis are presented in
Figures 97 th-ough 102. These methods do not account for wake contraction
and will hereafter be termed uncontracted wake methods. They are consid-
ered s.sparately from the contracted wake methods (Prescribed Experimental
Wake Analysis and Prescribed Theoretical Wake A.ilysis) because (1) they
represent the state-of-the-art prior to the consideration of contracted
wake effects, md (2) due to their operational simplicity and minimal
computer cost requirements, they were applied to a greater number of test
conditions. The experimental data points in these figures represent the
results of the fairings of the collective pitch dath presented in Figures

IF through 18. The performance results for varying numbers of blades are
zhown in Figures 97 and 9)L for the -5-degree-twist, 18.2-aspect-ratio
rotor. The predicted performano.@ cf all methods is in good agreement with
the experimental results it low thrust levels but becomes increasingly
op~nEstie with inc-easlng thrust and number of blades. The results of

the three -tortc wake methods %gree closely for ,Vr, six, and eight
bliaoez. Yr two blades, some separation of the predicted results at the
h3,eh thr s:t lcvels is evilent. The aforementioned results were foki to
~e •.e.er•ly true for all the rotorz tested, ana the trerds with thrust

-in1 :vf=Ser df blaie- are the sme as have been cited for f•ull-scale
r-c•: e.erence 1. C'orrolatien result: for rotors of "I anm -16

!-cee: ýf tvil: ire pres:entel in Tig,.ref )Q) Art, 100, regpectIvely, for



two and six blades. It should be noted that, as discussed previously, the
airfoil data used was synthesized by matching the results of the Momentum
Analysis to the test results for the two-bladed, zero twist rotor. For
six blades, the predicted performance is increasingly optimistic with
decreasing blade twist (e.g., compare results from Figures 99 and 100 at
CT/ar = 0.075). In Figure 101, the results ror the low-aspect-ratio
blades (AR = 13.6) are presented. Slightly improved correlation between
theoretical and experimental results compared to that of the high-aspeUt-
ratio blades (AR = 18.2) of figire 97 is indicated. Since for the same
number of blades and rotor radius, rotor sclidity increase: with decreas-
ing aspect ratio, this indicates that the correlation im)rove.s with
increased rotor solidity when such increases result from varying aspect
ratio. This is oppopite to the correlation trend established when
solidity was increased by varying the number of bladeL. The dependence
of the correlation on the manner in which solidity is varied (i.e., number
of blades versus aspect ratio) also agrees with the conclusions of
Reference 1 based on full-scale rotors. Finally, the small improvement
in correlation of the predicted and measured model perftrmance results at
a tip speed of 52E- fps (Figure 102), noted for the two-bladed rotor, also
parallels the full-scale rasults of Reference 1, in which th2 correlation
is shown to improve with decreasing tip Mach number.

it is thus concluded that the discrepancies between the experimental
performance and the performance predicted by the uncontracted bake methods

generally exhibit the same trends for the model rotor as they do for full-
scale rotors: the deterioration in performance prediction with ir. reasing
number of blades, blwde loading, and tip Mach number. In addition, 3

tendency for improved agreement with increased blade twist was noted with

the models. These discrepancies are believed to be primaily the result
of the assumtions made in these methods regarding the rotor wake geometry
and the impact which such assumptions have on the proximity of the
operating conditions of the tip sections to stall.

Integrated Performance Predicted by the Contracted Wake Analyses

The performance results from the coctracted wake methods (i.e., the

Prescribed Experimental Wake Analysis and the Prescribed Theoretical Wake

Analysis) are compared with the test retalts in Figures 10"3 through 106.
Also included for cowparison are the resultz from one of the uncontracted
wake analyses (Goldstein-Lock Analysis' presenteA previously. The
Goldstein-Lock Analysis was selected because it is a widely used hover
perforsance analysis. The results for all conditions analyzed using the
contracted wake methods are included .n these fiCures. Application of the
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Priccribed Theoretical Wake Analysis to a six-bladed model rotor was
limited to one condition because of the computing time requirements of
the program at this time. For consistency, the generalized experimental
wake results of Figures 53 through 65 were used to obtain all Presciibed

Experimental Wake method results shown in this set of figures. The
sensitivity of predicted performance to variations from the generalized
wake coordinates was significant and will be discussed later in this

section. The performance predicted by the prescribed contracted wake

me thoCs generelly correlates well with the experimental model rotor
resuilts, particularly for the six-aladed rotors. Reasonable correlation

with collective pitcn also exists except for the low-aspect-ratio blades

(Figure 105), for which all of the theories predict higher thrust and
torque than measured for a given pitch. rxcept in one instance, the

thrust based on the theoretical wake is consistently lower than that pre-
dicted using the experimental wake. This is due to the previously
mentioned prediction of the tip vortex as being nearer the blade than was
observed from experiment. The prescribed contracted wake methods appear

to have one distinct advantage over the uncontracted wake methods: the
ability to predict more accurately the performance trends with increased

number of blades and blade loading (CT/u). As shown previously in
Figures 97 through 102, the Momentum, Goldstein-Lock, and Prescribed

Classical Wake methods all predict optimistic performance for high thrust
-7els and high number of blades. For the six-bladed rotor operating at

the high thrust condition, the results of the Prescribed Experimental

Wake Analysis based on the generalized wake indicate reduced performance
relative to the Goldstein-Lock results and improved correlation with the
measured data.

Section Characteristics

7Somc insight into the reasons for the ebove-mentioned changes in

predicted performance may be gained from Figure 107, where the theoretical

sr.Anvise distributions of axial induced velocity, section angle of attack,

thrust, and torque are ccompared. The predicted distributions correspond-

ing to *he six-bladed rotor of Figures 97 and 103 operating at a 10-degree

collective pitch setting were selected for this cvqparison. The influence

of the experimental tip vortex geometry on the induced velocity distribu-

ticn and the resulting effects on the angle of attack, thrust, and tcrque

distributions are apparent in Figure 107. For low thrust levels, number

of blades, and tip Mach nUmbers, the distributions of the uncoi.tractft•

wak- mathodx ar" genrally coapensative between the inboard and tip

regions of the blades as far as integrated performance is concerned.

However, at a condition such as 6hat of thir figure, the contracted wake



geometry considerations result in a decrease in integrated performance

relative to that predicted by the uncontracted wake methods. In the real

wake, the tip vortices are positioned much closer to the tip path plane

than is assumed in the Goldstein-Lock and Prescribed Classical Wake
analyses. As the number of blades increases, due to the reduced separa-

tion between blades, each blade is closer to the tip vortex generated by

the blade ahead, and increased aerodynamic interference results. The

circulation strength of the tip vortex also increases with the increased

thrust level associated with high numbers of blades. This, coupled with

the close proximity of the preceding blade's ;ip vortex to the blade,
results in increased local angle-of-attack values in the blade tip region
due to the upflow generated by the contracted vortex. It should be noted

that the predicted performance deterioration is attributable to deterio-

ration in integrated thrust rather than torque. In fact, the predicted

torque based on the experimental wake for the subject test condition is
slightly less than the torque predicted by the undistorted wake analyses.
As shown in rigure 107c, this is caused by the reduction in induced
torque.

Performance Sensitivity to Tip Vortex Geometry

As mentioned previously, the performance results were found to be
sensitive to certain wake parameters. The sensitivity results art

sumarized in the following listing, in which the wake parameters and the
their primary influence on the %ake geometry are presented in decrensing
order of importance:

k! ndI k2 (the axial position of the tip vortex)

A and X (the radial position of the tip vortex)

K17 - and K2, = 1 (the axial position of the outer region of
the vortex sheet)

K12;=0 and K2 . = 0 (the axial position of the inner region of
the vortex sheet)

Me axial position of the tip vortex, defined by kI ond k2 , was found to
have the dorinant influence on the performance results. To illustrate the

sensitivity to the tip vortex axial position, the effect of variations in
kI on hover performance is shown in Figure 1 '4. kI was varied so as to
axially displace the tip vortex from the generalized wake poz~tion by
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-1% of the rotor radius (±l% R) at and beyond the wake azimuth position
equal to the blade spacing*. This effectively moved the tip vortex 1% R
closer to or farther from the following blade. The magitude of the
changes approximately represents the accuracy of the tip vortex general-
i:aLion. The performance results show increasing sensitivity with number
of blades (two versus six in Figure 109). To analyze these results in
greater detail, distributions of the blade section characteristics were
compared. For example, the blade airload distribution and tip vortex
positions are shown in Figure 109 for the lettered conditions indicated
on Figure 108. (Note that the nominal conditions A-D are the ones for
which tip vortex streamlines were presented in Figure 70.) The larger
change in loading distribution for the six-bladed rotor conditions (C and
C"; D and D" ) is due to the increased proximity of the tip vortex to the
blade. Also evident in this figure is (1) the typical change in the

character of the loading in the tip region with varying number of blades
and thrust level, and (2) the radially outward movement of the peak
loading with increased number of blades which corresponds to the movement
in the radial position of the tip vortex.

Predicted performance was fairly insensitive to changes in A and A
providing they were changed in combination rather than independently so
as to maintain the radial coordinates of the near-wake portion of the tip
vortex within the experimental accuracy -- particularly beneath the
following blade. As mentioned previously, A = 0.78 was selected in the
wake ge.eralization to curve-fit the near-wake radial coordinates when
used in combination with the specific A values given in Figure 62 as a
function of CT. For a given test condition, there are other combinations
of A and A that would fit the near-wake data within the experimental
accuracy. However, the performance was relatively insensitive to such
changes even though the far-waYke contraction varied considerably (0.78 to
0.72). beast senstivity resulted from variations of the inboard wake
(vortex sheet). For P•ample, a 10% change in the axial coordinates of
the vortex sheet for a typical condition resulted in less than a 1% change
in thrust and torque for a two-bladed rotor and less than a 2% change for

*Results for a 1% R displacement of the ýip vortex of the sir-bladed rotor
toward the rotor disc are not included in Figure 106. This displacement
refulted in the vortex passing within 0.51 R of the following blade.
7heoretic1l applications ii,.:'d-Ing passage of the vortex within this
distance of the blfde are questionable due to the limitations of lifting
line theory and limited Infora..tion or vortex core size.
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a six-bladed rotor. In sumwry, rotor performance becomes more sensitive
to wake geometry variations as number of blades and/or thrust level is
increased. Performance is particularly sensitive to the auxial position
of the tip vortices due to their close proximity to the blades. This
sensitivity of blade loading to small changes in tip vortex position
predicted by the Prescribed Wake Analysis confirms certain phenomena
obaerved on full-scale rotors. This will be discussed in the following
section.

Full-Scale Rotors

The theoretical methods were applied to compute the hover performance
of the six-bladed, Sikorsky CH-53A rotor. Two-dimensional airfoil data,
supplied by Sikorsky, were used in all calculatlUILs. In Figure 110, the
theoretical performance results are compared with test results from the
Sikorsky whirl stand shown in Figure 7. The absolute accuracy of thrust
at a given power level measured on this facility is estimated as ±2%.
The test data presented in Figure 110 have been corrected for ground
effect and whirl stand interference. As shown in this figure, the perfor-
mr.noc predicted by the Momentum, Gollstein-Lock, and Prescribed Classical
Wake analyses (uncontracted wake methods) is increasingly optimistic with
increasing thrust level, which is consistent with the previously recog-
nized trend. On the other hand, the results of the Prescribed
Experimental Wake and Prescribed Theoretical Wake analyses (contracted
wake methods) are slightly pessimistic r-lative to the experimental data.

The generalized wake coordinates from the model rotor test were used in
the Prescribed Experimental Wake Analysis to obtain the full-scale CH-53A
performance results. The performance corresponding to tmall deviations
of the tip vortex geometry from the generalized coordinates, within the
experimental wake accuracy, is presented in Figure 1'I. It is shown that
the performance veriations associated with small changes in wake geometry
are significant. In fact, as indicated, it was possible to obtain
correlation with the test data by displacing the tip vortex only ý% R
farther away from the rotor disc.

The section angle of attack distributiors predicted by the various
theoretical methods for the 12-degree collective pitch condition of
Figure 110 are presented in Figure 112. The prescribed experimental wake
results again exhibit a large angle-of-attack increase near the tip
caused by the strong influence of the contracted tip vortex. The angle-
of-attack distribution in the tip region of the blade has been substan-
tiated on the Sikorsky whirl str•d in a recent test in which 2r::fre
measurements were recorded at three stations over the outer IS% of the
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blade. It was found that with minor adjustments to the generalized wake
coordinates, the angle-of-attack distribution and total rotor performance
could be predicted within the experimental limits of the test data. This
emphasizes the inadequacy of +he uncontracted wake methods for predicting
the distributions of the performance characteristics. Also, although this
is encouriging insofar as the accuracy of the Prescribed Experimental
Wake Analysis is concerned, additional pressure measurement data suffi-
cient in extent to obtain the complete angle-of-attack distribution along
the blade for various rotors and operating conditions would obviously be
desirable to permit further evaluation of this method and refinement of
the generalized wake model. Examination of the theoretical radial loading
distributions associated with the operating conditions of Figure 112
revealed that the outer 10% of the blade generates approximately one-third
of the blade lift according to this theory, compared to only one-auarter
of the lift according to the Goldstein-Lock theory. This comparison
implies an extreme sensitivity of rotor thrust to the aerodynamic charac-
teristics over the blade tip region and the reed for an accurate simula-
tion of the airfoil characteristics and velocities induced by the wakj in
this area. The assumption of two-dimensional flow over the blade span
has been shown in Reference 24 to be questionable in the blade tip region.
The magnitude cf three-dimensional ccrrections and their influence on the
results predicted by the prescribed wake analyses remain to be determined.

The theoretical methods were also applied to compute the hover
performance of the two-bladed Bell IHU-IA rotor. Again, the Blade Element-
Momentum, Gollstein-Lock, and Prescribed Wake methods were used. Two-
dimensional airfoil data, synthesized by the Bell Helicopter Company, were
used for the NACA 0015 airfoil section in all calculations. In Figure
113, the theoretical performance results are compared with test data from
a tethered aircraft test reported in Reference 25 (whirl-stand data for
isolated rotor performance was not available for two-bladed rotors). For
the test data shown, the engine shaft horsepower was reduced by 15% to
account for tail rotor, transmission, and accessory power losses. T'he
wake iata used in the prescribed experimental wake calculations were
obtained by interpolating the generalized rotor wake data to the appro-
priate twist and thrust levels. The theoretical results, including
contracted wake results, are all optimistic relative to the experimental
results. It is somewhat uncertain, for this rotor, as to wLet-her the
1ierformance discrepancies are attributable to limitations of the theoret-
ical methods, to inaccuracies in the estimation, of the power loses,
%n 'or to the ;:ynthesi., of the airfoil data. It is thus zusgested that
the refsults pre!:ented in Figure 11. be corsidered yreliminary .ntil other

•-h!•de1 rotors •tre analy:ed.



The sensitivity of blade loading to small changes in the tip vortex
position tends to confirm vortex interferenc, as the source of cert&in
phenomena observed on fall-scale rotors. As explained in Reference 1,
the presence of a small amount of ambient wind can produce change:. in the
tip vortex position which, at certain conditions, are reflected in the
rotor characteristics as vibratory flapping and tip stall. Since the
publication of that reference, blade tracking problems at high thruit
levels (greater than normal operating levels) have been related to
vortex interference effects. The Prescribed Wake Program appearn Lo be
of potential value for analyzing these phenomena. However, for ii, rearing
number of blades, the problem associated with the sensitivity of the
predicted results to minor wake geometry variations is recogni Ad. '•ith
further experience with the method, and through small, sy:;tematically
developed adjustments to the generalized wake model presented herei.n
and/or further refinements in tht Wake Geometry Program, it may become
possible tc consistently predict hover performance to a high degree of
accuracy with the method in its present form. However, until thii is
accomplished, further investigation of three-dimensional tip effectz and
unsteady wake effects asscciated with both ambient wind variations and
the apparent instability of ti~c far wa.ke appears warranted.



RESULTS AND CONCLUSIONS

I. Model rotors of the scale tested can be successfully ased to
obtain performance and wake geometry data which are both systematic and,
more importantly, indicative of those characteristics observed for full-
,scale rotors. The use of an indoor, small-scale facility greatly reduces
the cost of acquiring such information.

2. The model rotor wake geometry for the region directly beneath
the rotor (i.e., within approximately one-fourth of the rctor radius) can
be represented by simple generalized equations which facilitate the rapid
estimation of rotor wake coordinates for a wide range of rotor designs and

operating conditions. The generalization was based on the folloving
observations:

a. The rate of descent of an element of the tip vortex from a
blade is substantially constant prior to its passage beneath
the following blade. This axial velocity increases approximately
linearly with increasing blade loading and decreases slightly
with increasing blade twist. Within the experimental accuracy

of the data, the axial velocity is insensitive to variations in
number of blades.

b. The axial velocity of a tip vortex element after the passage of
the following blade is increased to a new, relatively constant

value. This velocity increases with increasing disc loading in I
a manner proportional to the momentum inflow velocity. The

constant of proportionality is approximately 1.4 for rotors with
untwizted blades and decreases with increasing twist.

C. 1"he radial position of a tip vortex element decreases in a
decaying exponential manner. The rate of decrease (or contrac-
tion) appears to be primarily determined by rotor disc loading
and i. greater with increasing disc loading.

i. The inboard vortex sheet from each blade is fairly linear with
rudial position at a specific wake a:imuth location. The axial
velocity of the sheet increase: with increasing disc loading and,
to x lefser extent, with blade twist. The rate of descent of
the outer portm.on of the vortex sheet is approximately twice
thAt cbfervel for the tip vortex followinA .- pa.sage of the

next bl*de.



e. Wake geometry is insensitive to independent variations in aspect
ratio and tip speed. The infiuence cf number of' blades is
limited to the establishment of the wake azimuth angle at which
the wake axial descent velocities are observed to increase
significantly.

3. The stability of the experimental wake decreases with increasing
distance from the rotor, indicating that the classical concept of a
smoothly contracting wake may be incorrect.

4. Attempts to develop an analytical method for predicting the
contracted tip vortex geometry based upon the interaction of di::crete
vortex filaments were partially successful. The method predicts the
general features of the tip vortex and the qualitative variation of these
features with changes in rotor or flilht condition parameters. A;owever,
the position of the tip vortex shed by one blade relative to the following
blade was not accurately predicted by the analyiis. Compared to the
experimental observations, the predicted vortex was generally clo!er to
the blade and farther outboard. In addition, the contracting tip vortex
was predicted to become unstable at moderate dis..nces below the rotor
plane, thus complicating the problem of predicting the wake -enmetry
beyond the near-wake region. Available experimental evitlence appear: to
substantiate this prediction.

5. Rotor hover performance methods which assume that the blades are
lifting lines and that the rotor wake is uncontracted give generally
compacrable performance predictions. As was noted for full-scale rotors,
the accuracy of these methods in predictin.1 model rotor performance
decreased as the number of blades, blade loading, and tip Mach number
increased. In addition, the model rotor correlations indicated a
decrease in accuracy when the twizt of the rotor blades under consideration
was reduced. The partial success achieved with these methods in the past
results from compenrsating errors in the blade loading distribution:.

6. The elimination of the uncontracted wake assumption throuFgh the
use of generalized experimental wake data significantly improves the
accuracy of performance eharacteristies predicted for model rotor condi-
tions for which the uncontraeted wake methods exhibit mjor shortcomin.g-

(i.e., for condition: with increasing number of blades and thruzt levels).
Application of the experimental wake nethod to full-scale rotor., us:inr
model rotor wake data, yielded similar improvements for the limitel
number of conditions examined. In addition, the method predicts blade
spanwise angle-of-attack distributions which are greatly Aifferent and
more realistic than those p•r•dicted u=ing ucontracted wake aialy.eg.
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7. The use of predicted contracted wake geometries in computing
rotor Ierformance led generally to reasonable but more conservative
(lower thrust for same power) estimates relative to those obtained using
the generalized experimental wake results. This was mainly due to the

prediction of a smaller axial distance between the tip vortex and the
following blade than was observed experimentally.

8. The performance predicted on the basis of lifting line theory
using a realistic contracted wake is very sensiti'ie to small changes in
wake geometry, particularly for rotors for which the tip vortex is

positioned very close to the following blade. While the generalized wake
geometry results presented herein are believed to be based on reasonable
fairings of the data available, in view of this sensitivity, small
systematic refinements to the fairings my be required if consistently
accurate performance predictions are to be achieved.
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RL.CC34'NDATIONS

1. Because of the more accurate definition of the radial dictribu-
tions of blade section angles of attack which they provide, contracted
wake analyses should be used to predict hover performance. They should be
particularly useful in evaluating and developing improved blade tip
designs.

2. In lieu of an accurate method for predic -..d~ the geometry of a
contracted wake, the Prescribed Wake Analysis, together with the
generalized experimental wake geomtry charts, should be employed.

3. Efforts to obtain acciurate wake geometry data from full-scale
rotors should continue to substantiate further the applicability of
generalized model rotor wake geomtry data to full-scale rotors.

4. Measurements of blade pressure distributions should be obtained
to provide experimental data for detailed comparisons with predicted
distributions based on the generalized wake information.

5. An experimental investigation, employing model rotor flowi
visualization techniques, shý.-ld be conducted to obtain systematic rotor
performance and wake geomsetry data for blade designs with taper, nonlinear
twist, and promising -tip shapes.

6. Investigations should be undertaken to exa~mine in detail the
stability characteristics of the wake of a hovering rotor.

7. Further work shaild be unidertaken to rt.duce the computirng time
required by the analysis developed herein for predicting the geometry
of the rotor wake. This will greatly facilitatm further studies dessignei~
to improve the quantitative accuracy of -,.he analysis.
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Figure 2. Rtotor Test Rig
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F1Lgure 6. Flowt Visualizkition Grid.
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Figure 60° Experimental Wake Radial Coordinates forModel Rotors -- 9 = -16°, AR = 18.2.
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Figure 68. Comnparison of Generalized Wake Results With Those
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I - 1ACTUATOR DISC THEORY (REFERENCE 14)

GENERALIZED EXPERIMENTAL WAKE BOUNDARIES
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Figure 70. Comparison of Generalized Wake Boundaries

With Results of Reference 14.
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BLADE PERFORMANCE ROTOR PERFORMANCETWAKE

ANGLE OF ATTACK. THRUST ]TRAJECTORY
LOADING POWER IPLOTS
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Figure 71. U.RL Prescribed Wake Hover Performance Program.
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EXPERIMENTAL WAKE CLASSICAL WAKE

\4Z. ROTOR DISC

SLADE

\ /• TOP VIEW

SIDE VIEW

Figure 72. Computer Wake Trajectories for One Blade.
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BASIC CIRCULATION -WAKE GEOMETRY ITERATION

ROTOR DESIGN,

COLLECTIVE I
P ITCH PRESCRIBED B IWAKE

TIP SPEEDTI PED_, i WAKE GEOMETRY

INITIAL WAKE PROGRAM WK PROGRAM

ICOMPATIBLE

CIRCULATION-GEOMETRY RESULTS

ITERATION TO ACHIEVE WAKE GEOMETRY COMPATIBLE
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WAKE GEOMETRY PROGRAM

BLADE
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INITIAL WAKE INDUCED OVER

VELOCITIES SMALL TIME

IN WAKE 4 INCREMENT
_ WAKE GEOMETRY _

WAKE GEOMETRY COMPATIBLE WITH INPUT CIRCULATIONS

Figure 73. Iteration Procedures for Computing Wake Gecmetries.
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Figure 74. Segmented Discrete Vortex Representation of the Wake.
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_ TIP VORTEX BLADE

S~NEAR WAKE

FAR WAKE
(NFREVS)

DF T

Figure 76. Far-Wake Representation.
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Figure 77. Coordinate Systems and Nomenclature for
Theoretical Wake Geometry Computations.
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Figure 78. intersection of Wake With i--i Plnne Showing
Typical Inboard Vortex s*heet Representation.
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Figure 80. Model Rotor Photog•rphs Shcoing Typic&l

Loca.1 AtL-1-.p of Tip Vortex.



(b)

Figure 8o. Contintied.
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(c)

Figure 80. Concluded.

163



NOTE

ROLL-UP

Figure 81. Photograph of Wake for a Full-Scale Rotor

Showing Local Roll-Up of the Tip Vortex.
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FROM WATER TUNNEL TEST PROGRAM OF REFERENCE 12

Figure 82. PhotographofW mmof Mnin T i D

Showig Locl Rol-Up f theROLL-UPex

1N6.....

*,EImllnmmn unmaE*

Figure 82. Photograph of' Wake of' Model Rotor Taken in a Water Thnnel
Showir~g Local Roll-Up of' the Tip Vortex.
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Figure 84. Typical Time Histories of Computed Tip Vortex Coordinates
Showing Convergence of Extreme Near-Wake.
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Figure 85. Computed Radial and Axial Coordiretes of

Tip Vortex for Two Time Steps.
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Figure 86. Initial Wake Geometry Used in Sample Computation.
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Figure 87. Approximation to Blade Circulation

Distribution in Sample Computation.
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EX PERIME NT (SAME WAKE AS ON FIGURE 86)

-- -- COMPUTED BY WAKE GEOMETR~Y PROGRAM
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Figure 88. Approximation to Extreme Near-Wake in Sample Computation.
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APPENDIX I
EqUATIONS FOR CCMPUTING THE VELOCITIES AND)

DISPLACEMTNTS CF WAKE VORTEX ELEMENTS

The velocities induced at an arbitrary point P by a straight vortex
element of strength r and bounded by end points A and B (see Figure 77)
can be computed using the classical Biot-Savart Law (see Reference 23,
p. 373) and are given by the following equations:

vit, P fYYA)(ZP ZO) - P (FZA) (YP YO~
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A = (y,,-yyA) (BYP - -G )
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The velocities vxp, yD , and Yz are numerically integrated using the
equations below to detrfIre., te displacements of the wake which occur
during a suell time interval, At

AXe : = VspAt

Ayp 3 • vp At

A64 = V, At-



The summation signs in the immediately preceding equations denote
summations of the induced velocities induced at point P by all vortex
elements in the wake. The particular integration scheme described above

is based on the assumption that the induced velocities remain essentially
consthnt during the time interval, At. Also, the length of any vortex
element is allowed to vary as its end points move.

Examination of the velocity equations given above discloses that the

velocity induced at point P by the straight vortex segments of which P
forms nn end point is always zero. Actually the vortex filament is curved
rather than straight. Some error is thus introduced by the use of
straight segments, with the size of the error depending upon the length
of the segment and the curvature of the filament involved. To avoid this
error, the calculation of the curved vortex element immediately adjacent
to the point in question was approximated by a circular segment, and the
influence ;f this circular segment was included in the computational

program.



APPENDIX II

CONVERGENCE OF THE WAKE GEOMETRY-BOUND CIRCUIATION SOLITION

As mentioned previously, an iteration is required using the
Prescribed Wake Program and Wake Geometry Programs to insure reasonably
compatible wake geometries and bound circulation distributions. Because
of the computing time required by the Wake Geometry Program, it is
obviously desirable to rainimize the number of passes through this prodtram.
This can be accomplished by (1) adjusting the circulation distributions
used as input to the Wake Geometry Program so as to anticipate the final
circulation distribution answer as much as possible (using past experience
as a guide) and (2) being aware of the sensitivity of the final answer of
interest, namely, rotor performance, to possible departures from the
ideal, completely compatible, geometry-circulation solution. Both

approaches were employed in this study. The paragraphs below present
some results which can be used to evaluate the expected sensitivity of

rotor performance to departures from the ideally converged solution.

Rotor performance is, of course, given in terms of integrated rotor
thrust (CT/C-) and torque (CQ/o-). Of these, rotor thrust exhibits the most
sensitivity to the kI and k2 wake geometry parameters for the tip vortex.
Pertial derivatives relating CT/a to k1 and k2 for two-bladed rotors were
estimated by using the Prescribed Wake Program and varying kI and k2

independently. The results indicated the following approximate reiation

for two-bladed rotors:

A CT/o- - 0.44 Aki -0.5Akz (6)

Now, if k, and k2 could be related to the bound circulation distribution,
one would be able to assess the probable impact of further refinements to
the circulation by usinb Equation (6) to compute an equivalent error In

CT/o' and comparing this with the level of accuracy to which CT/Cr is
desired. Assuming that the peak circulation rm. on 'the blade is the
characteristic quantity determining the flow field and hence k, and k2 ,
one can use the computed wake geometry results that have been obtained
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under this contract for the various operating conditions to assess the
rates of change of k1 and k2 with respect to rF.* Such results are

shown in Figure 114 for the -8-degree twist rotor cases. Values are

plotted both as functions of the specific r'... values computed for the
model rotor and a nondimensional rmax to increase the utility of the

chart.

If CT/cr is desired to an accuracy of 10.001 (typically -+l%), then
from Equation (4) this limits k1 and k2 errors to *0.0023 and ±0.002,
respectively. From Figure 114 the corresponding tolerances on rmax for
the model rotor are ±19 and 11.8 ft 2 /sec, respectively. The large

tolerance in 'max associated with the error in k1 simply reflects the
relative insensitivity of k1 to rmax (or thrust) as predicted by the
Wake Geometry Program. This insensitivity appears to be due to the fact

that the general downwash induced by the wake on the tip vortex trailed

by a given blade tends to be cancelled by an upwash induced by the

contracted vortex trailed by the immediately preceding blade.

All of the geometry-circulation results presented herein have

converged to within the smllest tolerance in rmax quoted above. Thus,
the c¢rresponding computed CT/.y should be accurate to 10.001.
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